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THEME 


Combustion  in  the  gas  turbine  engine  was  last  considered  at  an  AGARD  meeting  in  1 983.  Since  that  time,  apart  from  the 
continuing  need  to  ever  increase  engine  operating  conditions,  the  attention  of  combustor  designers  and  researchers  has 
focussed  upon  two  main  factors:  the  identification  of  the  significance  of  fuel  degradation  upon  combustion  design  and 
performance,  and  the  potential  prizes  to  be  gained  by  the  development  of  better  design  techniques. 

The  aim  of  the  meeting  was  to  review  the  progress  made  in  these  areas  under  four  main  subject  headings,  namely, 
alternative  fuels  and  fuel  injection,  combustor  development,  soot  and  radiation,  and  the  development  of  mathematical  models 
for  the  design  of  gas  turbine  combustors. 


*  *  * 


La  combustion  dans  les  moteurs  a  turbines  a  gaz  a  ete  examinee  pour  la  dcrnierc  fois  lors  d’une  reunion  AGARD  en  1 983. 
Depuis  lors,  et  mis  a  part  le  besoin  continuel  d'ameliorer  les  conditions  de  fonctionncmcnt  des  moteurs,  l'attention  des 
chercheurs  et  des  concepteurs  de  systemes  de  combustion  s’est  concentrce  sur  deux  facteurs  principaux:  la  determination  de 
1’importance  de  la  degradation  en  maticrc  de  combustion  du  carburant  dans  la  conception  et  les  performances,  et  les  avantages 
potentiels  resultant  de  meilleures  techniques  de  conception. 

Le  but  du  symposium  etait  de  passer  en  revue  les  progres  realises  dans  ces  domaincs  sous  quatre  rubriques  principals,  a 
savoir  les  differents  types  de  carburant  et  de  systemes  d’injection,  la  realisation  des  systemes  de  combustion,  les  residus  de 
combustion  et  le  rayonnement  et  le  developpcment  de  modeles  mathematiques  pour  la  conception  de  systemes  dc  combustion 
des  turbines  a  gaz. 
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TECHNICAL  EVALUATION  REPORT 
COMBUSTION  AND  FUELS  IN  GAS  TURBINES 

by 

George  Opdyke,  Jr 
Textron,  Lycoming 


1.  INTRODUCTION 

''t^'he  design  of  gas  turbine  combustion  chambers  is  becoming  increasingly  more  sophisticated  as  demands  on  performance 
increase  and  combustor  operating  conditions  become  more  and  more  harsh.  The  design  compromises  which  account  for  much 
of  the  art  in  successful  combustor  design  have  become  more  difficult  as  gas  turbine  cycles  reach  higher  pressure  and 
temperature  levels  and  design  objectives  become  more  rigorous.  This  is  particularly  true  for  military  applications  of  gas 
turbines,  for  both  manned  and  unmanned  aircraft.  Concurrently,  there  is  significant  pressure  for  the  combustor  designer  to 
reduce  development  time  and  cost,  reduce  lifecycle  costs,  increase  fuel  tolerance  and  continue  to  minimize  the  environmental 
impact  of  the  combustion  process. 

In  the  past  two  decades,  an  increasing  amount  of  fundamental  knowledge  of  chemical,  aerodynamic  and  thermal 
phenomena,  plus  a  more  detailed  understanding  of  sprays,  has  been  applied  with  considerable  success  to  practical  combustor 
design.  This  70th  Symposium  coordinated  by  the  AGARD  Propulsion  and  Energetics  Panel  (PEP)  he'd  in  Chania,  Crete, 
Octobd-  19—23,  1987,  is  another  contribution  to  the  growing  collection  of  scientific  literature  which  addresses  the  difficult 
problem  of  designing  better  combustors  which  must  operate  under  more  and  more  difficult  conditions. 

^*The  papers  presented  at  this  symposium  ^Combustion  and  Fuels  in  Gas  Turbine  Engines'^*  are  categorized  under  the 
following  four  subject  headings: 

Alternative  Fuels  and  Fuel  Injection  .t 

Combustor  Development ; 

Soot  and  Radiation^,  a,. 

^»L  Combustion  Modeling.  KfL  W  U3  G  f S  '  h)  KT  O  f'7i 


fU-b>r  f'tf.+’iVva,  PujUS/  n/tc/tG  oi\,  Th  rofSjIwSTt  I  1;  *  t*c.f  ' 

Each  subject  area  is  discussed  in  Sections  2  througn  5,  respectively.  The  papers  are  categorized  slightly  differently  than  in 
the  published  program  and  they  are  tabulated  in  Tables  I  to  IV.  These  indicate  the  major  subject  content  of  each  paper.  )  ' 
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2.  ALTERNATIVE  FUELS  AND  FUEL  ATOMIZATION 

The  eleven  papers  grouped  under  this  heading  are  listed  in  Table  I. 

Alternative  fuels  experience  in  engine  and  combustor  tests  has  shown  that  the  effects  of  fuel  can  be  conveniently  divided 
into  two  categories;  chemical  effects  and  physical  effects.  The  latter  are  of  overwhelming  practical  importance,  largely  because 
of  the  impact  of  the  change  in  physical  characteristics  of  the  fuel  on  fuel  atomization  and  vaporization  and  the  resultant  effects 
on  combustor  performance. 

The  papers  presented  in  this  group  represent  a  continuation  of  the  work  reported  on  alternative  fuels  at  the  PEP  meeting 
in  1983  in  Cesme,  Turkey.  The  general  conclusion  from  both  that  earlier  symposium  and  this  one  is  that  no  projected 
alternative  fuel  helps  combustor  performance,  and  the  combustor  design  problem  becomes  more  difficult,  particularly  for  the 
fuel  injection  system. 

There  are  only  two  reported  areas  where  alternate  fuels  have  only  a  minimal  effect.  They  are: 

1.  Experience  with  the  TF30  afterburner  showed  negligible  fuel  effects  on  performance,  ostensibly  because  this  is  a 
premixed  type  of  combustor  where  atomization  effects  are  absent. 

2.  Extensive  experience  with  main  burners  shows  that  alternate  fuels  have  only  a  minor  or  negligible  impact  on  the 
combustor  pattern  factor  or  on  radial  temperature  distribution. 

The  combustor  characteristics  which  are  affected  by  fuel  type  were  reported  in  considerable  detail. 

So'.i  production  in  the  combustor  is  the  major  change  in  combustor  operation  caused  by  fuel  chemistry.  Since  exhaust 
smoke  is  the  difference  between  soot  production  and  soot  bumup,  the  aerotherma!  design  of  the  combustor,  as  well  as  the 
operating  conditions  of  the  combustor,  will  affect  these  processes.  There  is  evidence,  also,  that  a  reduction  in  spray  drop  size 
will  have  a  small  beneficial  impact  on  exhaust  smoke. 

Engine  exhaust  smoke  has  been  correlated  quite  well  with  fuel  hydrogen  content,  with  the  sensitivity  to  fuel  type  being  a 
function  of  combustor  design.  The  ASTM  smoke  point  test  is  also  a  good  measure  of  the  soot  formation  tendency  of  a  fuel  if 
hydrogen  content  data  is  not  available.  The  radiation  flux  from  the  primary  zone  increases  with  soot  production  and  the 
resultant  increase  in  liner  wall  temperature  will  shorten  the  low  cycle  fatigue  (LCF)  life  of  the  combustor  liner. 
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The  effects  of  changes  in  fuel  physical  characteristics  on  combustor  performance  far  overshadow  the  effects  of  chemistry. 

A  decrease  in  atomization  quality  occurs  primarily  because  of  the  higher  viscosity  of  most  alternate  fuels  and  the  resultant 
larger  drop  sizes  with  their  increased  evaporation  times  will  worsen  lean  limit  and  ignition,  combustor  efficiency  and  CO  and 
UHC  emissions  at  low  power  conditions,  and  slightly  worsen  NOx  emission  at  high  power.  A  quantitative  measure  of  these 
changes  can  be  approximated  by  using  the  empirical  expressions  given  in  the  papers  by  Lefebvre  and  by  Odgcrs.  The 
quantitative  impact  of  the  effect  of  injector  characteristics  on  combustor  performance  is  also  influenced  significantly  by  both 
the  design  of  the  injector  and  the  design  of  the  combustor,  i.c.,  there  is  a  requirement  to  match  the  injector  to  the  combustor. 
Tt  •«  y  „s  been  characteristically  done  by  combustor  development  tests  after  the  injector  specifications  have  been  drawn  up  and 
after  bench  tests  have  shown  that  the  injectors  meet  the  specification.  Additional  effort  in  the  future  is  required  to  predict  the 
match  of  the  injector  spray  characteristics  to  the  flow  pattern  in  the  combustor  at  all  operating  conditions  at  the  time  the 
specification  is  written.  Highly  atomized,  well  distributed  sprays  are  desired  for  high  efficiency  and  good  pattern  factor,  but 
some  non  uniformity  is  helpful  in  achieving  good  ignition  and  broad  stability  limits,  '’’he  performance  of  several  types  of  fuel 
injection  systems  was  reported.  These  types  included  pressure  a*omizing.  airblas1  and  vaporizing  styles.  The  perfoimance  of 
these  different  types  of  fuel  injectors  was  examined  primarily  from  the  point  of  view  of  how  combustor  operating  conditions 
and  fuel  characteristics  would  affect  their  spray  characteristics.  Eight  papers,  all  listed  in  Table  I,  cover  fuel  injector  or  spray 
performance  at  some  length. 

Lefebvre  pointed  out  that  despite  a  hundred  years  of  theoretical  study  of  the  breakup  of  a  liquid  jet  it  is  still  not  possible  to 
predict  spray  characteristics  satisfactorily  from  first  principles.  Even  empirical  correlations,  of  which  there  are  many,  have 
significant  shortcomings,  particularly  for  sophisticated  injector  designs.  The  effects  of  air  velocity  and  turbulence  in  the  region 
surrounding  the  spray  also  influence  mjector  performance,  and  this  is  dominated  by  the  swirler  design.  Although  a  well 
designed  airblast  injector  should  have  less  performance  deterioration  with  more  viscous  alternate  fuels  tuan  does  a  pressure 
atomizer,  the  average  SMD  can  still  increase  by  20%  to  30%,  with  a  resultant  increase  in  average  droplet  vaporization  time  of 
the  order  of  50%,  possibly  more  for  the  largest  drops  in  the  spray. 

The  sensitivity  to  fuel  physical  characteristics  varies  with  the  styles  of  fuel  injector,  with  those  types  which  rely  on  air 
pressure  drop  for  fine  spray  formation  being  the  least  sensitive.  Since  the  airblast  style  of  injector  relies  on  combustor  pressure 
drop  to  provide  the  air  energy  for  atomization,  it  is  difficult  to  achieve  good  atomization  at  the  low  pressure  drops  associated 
with  light  off  conditions.  Hebrard  and  Jasusja  point  out  that  the  so-called  vaporizing  injector  style  has  performance  trends  and 
atomization  capabilities  that  are  generally  similar  to  those  of  conventional  airblast  atomizers.  It  is  usual  to  provide  some 
supplementary  means  for  igniting  this  type  of  combustor.  The  impact  of  combustor  operating  conditions  on  the  performance  of 
the  dual  swirler  type  of  airblast  injector  was  discussed  in  detail.  Here  droplet  inertia  and  aerodynamic  forces  cause  an  increase 
in  spray  angle  with  increasing  engine  power,  just  opposite  from  the  decrease  in  spray  angle  characteristic  of  pressure  atomizers. 
It  was  also  clearly  pointed  out  that  small  variation  in  manufacturing  of  injectors  or  their  associated  swirlcrs  would  have  a 
negative,  non-trivial  impact  on  the  spray. 

Gulder  presented  a  practical  scheme  to  correct  for  the  effect  of  multiple  scattering  in  a  dense  spray  when  using  the 
forward  light  scattering  technique  for  measuring  drop  size. 

These  papers  on  the  subject  of  atomization  generated  considerable  interest,  and  it  is  worth  noting  that  there  were  no 
representatives  of  fuel  injector  manufacturing  companies  in  the  audience. 


3.  COMBUSTOR  DEVELOPMENT 

The  papers  in  this  category  are  listed  in  Table  II.  As  usual,  these  papers  were  case  studies  o)  experiences  encountered  in 
the  development  of  a  combustor,  something  which  is  always  useful  to  understand  since  the  point  of  gas  turbine  combustor 
research  is  to  assure  better  combustor  design  and  development.  These  case  studies  illustrated  the  degree  to  which  some 
engineers  are  able  to  use  the  advanced  design  techniques. 

Two  papers  described  afterburner  development  in  some  detail,  particularly  emphasizing  the  range  of  stable  operation  of 
modern  afterburner  designs.  The  point  was  very  clearly  made  that  lean  extinction  cannot  be  correlated  solely  by  the 
flameholder  blockage  in  the  duct,  but  is  also  affected  by  the  geometry  and  location  of  the  V  gutters.  Tests  of  development 
afterburners  should  model  the  engine  geometry  accurately  to  ensure  that  proper  test  results  are  obtained. 

The  two  papers  about  main  combustors  described  diametrically  opposed  development  approaches,  one  using  a  modem 
3D  flow  field  prediction  method,  ami  the  other  an  imaginative  series  of  development  tests.  Both  represented  successful 
beginnings,  but  as  these  programs  progress  to  completion,  the  development  methodology  used  will  probably  become  more 
similar.  Additional  papers  of  this  sort  are  needed  to  continue  to  demonstrate  the  practical  value  (or  lack  of  value)  of  modem 
combustor  modeling  methods. 


4.  SOOT  AND  RADIATION 

The  papers  grouped  under  this  heading  are  listed  in  Table  III, 

The  increased  radiation  flux  which  usually  occurs  with  alternate  fuels  results  from  the  increased  soot  production  in  the 
primary  combustion  zone.  If  this  soot  is  not  subsequently  consumed  in  the  combustor,  an  increase  in  exhaust  smoke  results. 
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While  smoke  correlates  well  with  fuel  hytirOf.cn  contcn*.  Ihc  point  was  made  that  fuels  with  low  hydrogen  content  may  have 
their  smoking  tendencies  increased  because  of  the  presence  of  other  compounds.  The  prediction  o!  ladiation  from  soot  is  not 
straightforward  and  it  was  pointed  out  that  soot  particles  outside  of  the  formation  region  tend  to  bkxrk  some  of  the  radiation.  In 
addition,  knowledge  of  soot  particle  size  can  be  important  in  predicting  turbine  wear ,  and  methods  of  particle  size 
measurement  were  described.  Measurement  of  engine  exhaust  smoke  with  precision  is  difficult  and  standard  procedures  do  not 
give  data  in  real  time  or  measure  smoke  during  transients.  Investigators  at  Pyer.toek  have  developed  a  smoke  generator  which 
can  be  used  for  instrument  calibrations.  Samuclson  described  a  surrogate  fuel  which  could  be  used  as  a  repeatable  standard. 

Empirical  equations  were  presented  for  the  formation  and  burnup  of  soot,  with  indications  that  soot  forms  ai  nn 
equivalence  ratio  of  I  5  and  above,  with  this  onset  value  increasing  as  temperature  increases  above  1 5IM)K.  Data  was  presented 
on  the  effect  of  pressure  and  temperature  on  soot  production  as  well  as  measurements  of  cmissivity  with  temperature.  Laminar 
flamelct  modeling  of  turbulent  combustion  indicated  a  soot  formation  rate  proportional  to  p1  \  with  soot  for  mat  ion  restricted 
to  about  a  .VI  range  of  lower  mixture  fractions.  This  compares  with  earlier  data  indicating  rates  proportional  to  p*\ 

A  summary  of  alternate  fuel  radiaiion  on  hot  section  durability  showed  that  a  1/2%  reduction  in  luel  hydrogen  content, 
which  has  occurred  in  JP-5  fuel  in  the  past  20  years,  can  shorten  combustor  liner  life  by  1 0%  to  60%,  depending  un  the  liner 
t’sMgn.  Intermittent  use  of  fuel  with  1/2%  lower  hydrogen  content  will  reduce  the  combustor  life  by  1.1  to  2.0  houis  for  every 
hour  the  low  hydrogen  fuel  is  used,  depending  on  how  benign  the  mission  is.  The  impact  on  maintenance  depends  on  current 
liner  life  and  maintenance  frequency.  Some  engines  will  be  nearly  unaffected,  while  others,  like  the  T5S,  F404  and  J51/  (high 
smoke)  may  require  increased  maintenance  as  fuel  quality  decreases. 

Despite  difficulties,  it  appears  that  swung  flames  and  iheii  impact  on  flame  radiation  can  he  estimated  to  a  degree  which  is 
useful  in  design,  but  considerable  work  remains  to  be  done  before  soot  concentration  and  radiation  piedietioiis  can  he 
incorporated  with  confidence  into  combustor  design  models. 


5.  COMBUSTOR  MODELLING 

The  1 5  papers  grouped  under  this  heading  are  listed  in  Table  IV.  This  group  can  be  subdivided  into  those  papers  dealing 
w  ith  design  of  combustors  and  a  larger  group  addressing  methods  of  modeling  some  elements  of  combustion. 

Combustor  multi  dimensional  design  models  can  now  better  match  combu'do:  gi  ometry,  since  body  fitted  coordinates 
with  adaptive  gnds  arc  replacing  cartesian  coordinates,  and  this  permits  more  accurate  representation  of  geometric  details. 
Despite  some  inaccuracies,  predictions  of  exit  temperature  distribution  have  been  shown  to  be  reasonably  good,  and  the 
promise  of  these  models  being  effectively  used  in  combustor  design  appears  to  be  nearer  at  hand.  Errors  still  esdst  because  of 
limited  knowledge  of  boundary  conditions,  spray  characterization,  for  example,  plus  the  ever  present  possibility  of  numerical 
inaccuracies.  However,  advanced  numerical  schemes  are  now  being  employed,  both  for  improvement  in  accuracy  and  for  cost 
reduction  by  shortening  computer  run  time.  There  is  a  clear  tendency  to  increase  the  number  of  grid  nodes  ten  fold  from  the 
2()K  to  35 K  currently  used  to  25*)K  or  even  5(M)K,  a  step  which  requires  very  large,  high  speed  computer  capability 

Burrus  presented  details  of  the  development  of  combustor  models  at  General  Electric  and  their  application  to  CFM56 
annular  combustor.  A  similar  presentation  was  made  by  the  university  of  Sheffield  team  with  both  can  and  annular  combustoi 
examples,  while  Wittig  described  the  modeling  of  a  reverse  flow  combustor.  In  all  eases  the  authors  were  encouraged  with  the 
results. 

Mongia  presented  a  somewhat  different  approach  based  on  a  background  of  1 2  different  combustors  of  several  styles.  He 
suggested  a  combination  of  the  best  of  semi -analytical  and  multi  dimensional  numerical  modeling  techniques.  In  this  approac  h, 
macro  volume  models  for  efficiency  blowout,  ignition,  exit  temperature,  sou!  and  radiation  interface  with  a  3-D  model  of  a 
combustor,  which  has  been  designed  in  a  preliminary  way  using  semi -analytical  correlations  This  approach  is  claimed  to  have 
given  good  agreement  with  data  from  a  number  of  combustors,  and  the  data  shown  is  for  the  most  par  t  as  good  as  experimental 
accuracy  Advanced  numerical  schemes  to  reduce  computer  time,  a  PDF  approach  to  turbulence  modeling  and  a  modeling 
approach  to  atomization  and  spray  transport  processes  are  all  discussed. 

As  a  complement  to  this  last  item.  Bliimcke  showed  that  the  complex  flowfield  from  a  counter  swirl  airbhn  t  atomizer  can 
he  predicted  with  reasonable  accuracy. 

The  various  combustion  HiodcU  discussed  in  iiie  remaining  paper  in  this  group  detail  procedures  which  sooner  or  later 
can  be  used  to  improve  the  numerical  solution  of  gas  turbine  combustor  problems  Several  papers  dealt  with  flame  modeling 
including  flame  stretch  in  non  uniform  flow'  and  with  the  prediction  of  the  turbulence  levels  within  the  fiamjs.  The  value  of 
adaptive  gridding  for  the  numerical  simulation  of  premixed  flames  was  demonstrated  Predictions  of  flow  in  a  simplified 
primary  zone  showed  only  small  differences  ’./Ctween  the  burning  and  non-burning  eases,  and  a  simple  mode)  for  CO  oxidation 
in  a  diluent  zone  was  shown  to  give  better  agreement  with  experimental  results  than  the  chemical  equilibrium  model. 
Limitations  of  applicability  of  this  latter  model  were  given,  a  most  desirable  service  by  the  author.  The  optimism  concerning  the 
utility  of  both  combustor  and  combustion  modeling  is  ccnainly  encouraging,  and  yet  a  significant  amount  of  validation  is  still 
required  with  both  practical  combustors  and  with  benchmark  quality  experimental  data.  Many  years  of  etfort  will  be  required 
before  combustor  design  can  be  attempted  with  these  models  with  a  significant  degree  of  confidence,  ami  we  should  expect  to 
hear  more  in  this  regard  at  the  next  AGARP  symposium  on  combustion  Advances  are  required  in  numerics,  to  increase 
accuracy  and  reduce  computational  costs,  as  well  as  in  turbulence  models  and  in  characterization  of  atomization  and  spray 
droplet  transport  and  vaporization  processes. 


I 

1 


I 


i 


£ 


6.  CONC'KliSIONS  AND  EVALUATION  OF  THE  MEETING 

This  symposium  plus  the  associated  panel  meeting  were  attended  by  144  delegates  from  a  total  of  1 5  NATO  countries. 
The  questions  and  discussions  of  each  paper  were  of  considerable  interest  and  helped  to  increase  the  understanding  of  the 
author's  subject.  The  resulting  exchange  of  information  among  the  many  combustor  experts  present  added  significantly  to  the 
value  of  the  symposium. 

The  reason  for  the  symposium  was  to  aid  combustor  designers  to  cope  with  more  difficult  operating  conditions,  and  the 
symposium  met  its  objective  or  reviewing  progress  made  under  the  four  main  subject  headings  T.«c  delegates  were  appreciative 
of  the  Propulsion  and  Energetics  Panel  and  the  Program  Committee  for  coordinating  the  presentation  of  these  papers.  The 
subjects  were  not  nearly  exhausted,  and  remain  candidates  for  future  symposia,  particularly  the  subjects  of  combustor 
modeling,  fuel  injection  systems,  and  combustor  durability. 


7,  RECOMMENDATIONS  FOR  FUTURE  MEETINGS 

Future  conferences  should  feature  papers  about  design  or  design  methods  which  demonstrate  how  the  negative  effects  of 
poor  quality  fuels  can  be  minimized  or  eliminated.  Since  these  design  approaches  will  involve  fuel  system  and  fuel  injection 
design,  these  should  be  featured  subjects  in  the  next  symposium. 

The  design  of  advanced  fuel  injection  and  preparation  systems  which  will  guarantee  highly  reliable  ignition,  plus  high 
combustor  efficiency  in  the  transient  between  ignition  end  idle  is  of  interest.  The  operation  of  these  systems  at  low  ambient 
temperatures,  high  altitudes  and  with  fuels  of  high  viscosity  should  be  addressed. 

The  further  advancements  in  combustor  numerical  design  models  and  submodels  will  be  of  continuing  interest  for  many 
years.  The  solutions  obtained  with  these  models  to  meet  detailed  combustor  design  objectives,  including  fuel  injector 
performance,  liner  wall  temperatures  for  long  life,  reduced  pattern  factors  and  other  performance  requirements  particularly 
under  difficult  operating  conditions,  should  be  delineated,  along  with  experimental  validation  of  the  results  in  meeting  these 
objectives.  While  combustor  design  models  will  not  give  pefcct  solutions  in  the  near  future,  the  imperfect  solutions  presently 
possible  appear  to  be  satisfactory  for  many  engineering  purposes.  Repeated  assurances  of  the  practical  value  of  these  models 
are  needed  to  help  justify  the  cost  of  their  development. 

Reports  of  combustor  and  after  burner  designs  which  are  both  lower  weight,  long  lasting, mil  require  only  minima!  cooling 
air  would  be  a  desirable  addition  to  the  next  symposium. 

Experience  gained  in  combustor  operation  at  high  inlet  pressures  and  temperatures,  and  with  exit  tempciatures 
approaching  .stoichiometric,  would  be  of  great  interest,  particularly  if  multi-dimensional  models  ere  shown  to  be  helpful  in  »he 
design  of  these  combustors. 

There  are  indications  that  significant  advances  in  gas  turbine  design  will  be  taking  place  during  the  next  decade,  and  major 
eombustoi  design  and  operational  impiovcvncnts  wall  he  required.  The  dissemination  of  information  about  these  combustor 
design  advances  is  an  important  function  of  the  AGARL)  Propulsion  and  Energetics  Panel. 
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SUMMARY 

The  TF30  engine  was  Introduced  into  Navy  service  in  1972  end  is  scheduled  to  continue  to  power  the  carrier-based  M4  “Tomcat’ 
for  some  time.  Although  the  engine  was  designed  and  developed  to  operate  on  apeclficatton-g-ade  JP-5  fuel,  it  is  conceivable  ihnt  during 
Ha  lifetime,  the  TF30  might  have  to  operate  on  out-of-specHicatlon.'droadened-specificatlon  fuels.  This  contingency  could  ari9e  should  the 
availability  ot  high-grade  petroleum  crude  oi!  used  for  aircraft  fuel  production  bo  decreased.  Therefore,  a  program  of  experimentation  and 
analysis  was  conducted  to  evaluate  the  effects  of  broadened -specification  petroleum  fuel*  on  the  performance,  durability  and  operability 
of  the  TF30-P-414A  engine.  As  fuel  quality  deteriorated,  some  reductions  in  engine  performance  characteristics  wore  observed. 
However,  based  upon  lim'ted-duiation  testing,  the  Tp30--P-4i4A  engine  was  shown  to  be  capable  of  operating  on  liquid  petroleum  fuels 
having  a  wide  range  of  properties. 


nomenclature 


API 

American  Petroleum  institute 

Max 

Maximum 

ARTS 

Automated  Recording  Temperature  System 

n2 

High  Rotor  Speod 

ATP 

Alternate  Test  Procedure 

NAPC 

Naval  Air  Propulsion  Center 

B/M 

BiJi-of-Materie! 

NATOPS 

Naval  Air  Training 

DFM 

Diesel  Fuel  Marine  (F-76) 

Operations  Procedure 

EFH 

Equivalent  Flight  Hours 

Standard 

EP 

End  Point 

P 

Pressure 

f/a 

Fuei-to-Air  Ratio 

4P 

Differential  Pressure 

FCP 

Fuel  Characterization  Parameter 

r2 

Coefficient  of  Determination 

FPfl 

Fuel  Parameter  Ratio 

r 

Stcichlometnc  Reno 

Fn 

Thrust 

SLTC 

Sea-Level  Takeoff 

F-76 

Diesel  Fuel  Marino 

SMD 

Sauter  Mean  DiemeiPr 

N 

Heat  of  Combustion 

SN 

Smoke  NumOer  (SAE  ARP 

H* 

Hydrogen  Content.  % 

1179A;  Reference  11) 

HO  No.  2 

Heating  Oil  No.  2 

Sun  A.B 

Sumach  Fuel  Blend  A.B 

IBP 

Initial  Boiling  Point 

T 

Temporaturo 

IOC 

initial  Operational  Capability 

AT 

Differentia;  Temperature 

IRP 

Intermediate  Rated  Power 

T/C 

Thermocouple 

JFTOT 

Jet  Fuel  Thermal  Oxidation  Tester 

VI 

Vaporization  index 

LCF 

Low-Cycle  Fetigue 

\V 

Flow  Rate 

LSP 

Liner  Severity  Parameter 

z 

Afterburner  Zone 

m 

Meter 

T| 

Combustion  Efficiency 

SUBSCRIPTS 

f 

Fuel 

s 

Static 

0 

Gas 

90 

Value  ot  90%  DisM'atPn  Point 

1 

idle 

T 

Toiei 

1 

Liquid 

0 

Initial 

L 

Liner 

2 

Engine  Inlet 

REF 

Reference 

4 

Combustor  inlet 

10 

Value  at  10%  Distillation  Point 

5 

Combustor  Exit 

1.  INTRODUCTION 

Gas  turbine  fuel  costs  have  stabilized  in  recent  years  and  the  world  fuel  supply  has  been  abundant:  how  over,  tha  fuel  shortages  of 
1973  and  1979  demonstrated  how  quickly  this  situation  can  cnange.  The  unstable  economic  and  political  conditions  of  the  world  petroleum 
market  hsvB  caused  the  Navy  to  evaluate  its  dependency  on  middle  distillate  petroleum  fuels.  The  potential  threat  of  disruption  to  the 
Navy's  aviation  turbine  fuel  supply  has  prompted  effons  to  conserve  fuel  and  to  identify  alternative  sources  of  jet  fuel. 

WhiiA  a  15  p-edicted  that  the  .kjsvy  bs  dspst.dc.Vi  p.  mtjrry  on  peiroieum  crudes  as  the  source  of  JP-5  for  come  time,  it  Is 
expected  that  there  will  be  significant  changes  in  the  type  and  quality  of  crudes  available  to  efinprs.  The  changes  in  the  petroleum  supply 
market  (i.e..  Increased  use  of  more  highly  aromatic  crudes,  the  additional  refining  necessary  .o  process  these  crudes,  and  supplemental 
use  of  fuel  derived  from  shale  or  cod)  ere  likely  to  exert  influence  to  broaden  jet  fuel  specifications. 

Several  solutions  have  been  proposed  for  obtaining  adequate,  reliable  supplies  of  the  Navy’s  aviation  turbine  fuels,  i.e.: 

o  Relaxing  the  current  JP-5  specification  to  include  s  larger  fraction  o?  the  petroleum  barrel  could  increase  availability.  This  action, 
howaver.  together  with  the  Inti  oductlon  of  new  crudes  from  Alaska  and  Mexico,  or  previously  undesirable  residue!  crudes,  and  the 
changes  In  processing  necessary  to  refine  some  of  these  crudes  may  result  ‘n  specification  changes  to  fuel  properties  and 
composition. 

o  The  Navy  will  likely  begin  to  use  fuem  refined  from  non -petroleum  sources  such  as  oil  shale.  This  will  help  to  improve  fuBl  availability, 
but  may  produce  additional  pressure  for  specification  changes. 


-2 


o  to  emergency  situations,  temporary  use  of  nor!- aviation  fuels  such  as  F-76(Dtasei  Fuel  Marine),  or  F  T?  blended  with  JP-5.  has 
been  suggested  es  a  means  of  extending  supplies  of  JP-5.  The  use  of  such  fuels  must  also  be  invest  gated  with  respect  to 
performance  characteristics. 

Duo  to  the  logistics  of  Navy  aircraft  operotion3,  future  Jet  fuels  will  undoubtedly  be  obtained  from  a  vumbinjtion  of  these  sources 
The  many  scenarios  for  future  Jat  fuel  supplies  dictate  the  requirement  for  establishing  a  technical  infonrietion  base  from  which  fuel 
acceptance  and  usage  decisions  can  be  made  and  future  pas  turbine  engine  technology  can  evolve. 

The  TF30  engine  was  introduced  into  Navy  service,  following  Its  Initial  Operational  Capability  qualification  in  1972,  as  the  propulsion 
system  for  the  twin-engine,  carrier  baaed  F14  "Tomcat*  fighter.  Tho  engine  was  designed  end  developed  to  operate  on  JP-5  fuel.  To 
date, fuel  quality  has  been  wen  within  specification  and  the  engine  has  performed  as  intended. 

The  TF30  is  classified  as  being  mature;  however,  it  will  not  be  phased  out  of  Navy  service  for  some  time.  Although  the  engine  went 
out  of  production  tost  November,  the  Navy  has  1200  TF30s  in  Us  inventory;  the  engine  is  scheduled  to  be  there  past  the  year  2000- 
Therefore,  there  is  the  possibility  that  during  its  lifetime,  the  TF3Q  engine  now  In  service  could  be  required  to  operate  on 
out-of-apeclficetlon  fuels.  This  contingency  might  arise  should  the  availability  of  high-grade  petroleum  crude  oil  for  JP-5  production  be 
decreased:  possibly  necessitating  the  use  of  aircraft  fuels  having  property  values  broader  than  those  of  JP-5.  Therefore,  a  program  of 
experimental  on  and  analysis  wes  conducted  to  evaluate  the  effect  of  broadened-BpecJHcotlon  fuels  on  the  performance,  durability,  end 
Operability  of  the  TF3Q-P-414A  engine.  This  poper  describes  some  of  the  results  of  the  evaluation  program. 

2.  TEST  APPROACH 

A  TF30-P-414A  engine  was  tested  at  sea-level  and  simulated  attitude  conditions  using  six  'iquid  hydrocarbon  fuels,  described  in  a 
later  section.  The  sea-level  tents  were  conducted  at  Prntt  &  Whitney's  Government  Products  Division  at  operating  conditions 
corresponding  to  'die,  takeoff,  and  two  high- rotor  speeds  {07  and  92  percent  N*). 

Engine  start  and  transient  demonstrations  were  also  conducted  at  sea-levet  conditions;  however,  no  afterburner  testing  was 
undertaken  during  sea-level  operation.  All  simulated  altitude  testing  was  conducted  at  the  U.S.  Navy’s  Naval  Air  Propulsion  Center. 
Testing  at  NAPC  consisted  of  hot  and  cold-day  ground  start  and  altitude  aVstart  evaluations,  mainpurner  and  afterburner  steady  -state  and 
transient  operations  and  afterburner  operabiliiy  characterizations. 

3.  TEST  ENGINE 

The  TF30-P-414/P-414A  is  a  92.97  kN  maximum  thrust  afterburning  turbofan  engine.  Figure  l.  It  powers  the  Grumman  F-14A. 
one  of  the  Navy's  highest  performance  fighter  aircraft  This  engine  Incorporates  a  three-stage  fan.  a  six-stage  low  pressure  compressor,  a 
seven -stage  high  pressure  compressor,  a  can -annular  combustor,  a  cooled  one-stage  high  pressure  turbine  and  an  uncooled 
three-stage  low  pressure  turbine.  The  afterburner  system  incorporates  a  five-zone  fuel  injection  system,  and  a  fiameholdar  consisting  of 
an  annu’or  vee  gutter  with  radial  spokes.  The  noz2ie  is  a  convergem/u..ergent  variable  iris  type. 

4.  FUEL  SELECTION 

Six  test  fuels  were  used  in  the  TF30-P-414A  engine/eMerburner  evaluation  program.  JP-5.  the  fuel  of  choice  for  naval  aircraft, 
served  as  the  baseline.  JP-7,  a  very  high  thermal  stability  fuel  for  special  aircraft  applications,  was  used  as  a  high-quality  baseline. 
Heating  oil  No.  2  (HO  No. 2)  and  F-7G  represented  emergency  fusts;  compared  to  the  baseline  JP-5,  they  had  lower  thermal  stability, 
decreased  volatility  end  higher  vi3COSity.  Suntech  A  and  B  wore  Special  fuel  blends  hovmg  higher  aromgt<c  and  lower  hydrogen  contents 
than  the  eme  gincy  fuels.  The  test  fuels  were  selected  to  exhibit  pronounced  variations  in  properties  predicted  to  affect 
engino/afte.'burner  operation  significantly.  Properties  ol  the  fuels  am  presented  in  Table  1.  NAPC  Fuel  No.  22  (JP-5)  and  No.  17  (F-761 
were  used  in  the  nonefterburning  tests;  NAPC  Fuel  No.  2?  (JP-5)  and  No.  26  (F -76)  were  used  in  the  afterburning  tests. 

6.  EXPERIMENTAL  RFSULTS 

A  significant  amount  of  experimental  data  was  obtained  during  conduct  of  the  engine  test  program.  No  attempt  will  be  made, 
however,  to  present  an  of  the  data  or  the  resulting  analyses.  This  information  is  available  in  contractor  reports  through  the  sponsoring 
agency.  The  objective  of  this  paper  is  to  provide  a  somewhat  limited  assessment  of  the  effect  of  liquid  hydrocarbon  fuels,  having  a  wide 
range  of  properties,  on  selected  engino  component  and  3ystem  performance  end  operation.  This  assessment  is  provided  in  the  following 
paragraphs. 

Reference  has  beon  made  throughout  tho  discussion  of  results  io  the  Alternate  Test  Procedure  (ATP) .  Tne  Pratt  &  WhHnoy  version 
of  the  ATP  consists  of  a  set  of  fuel  effect  correlations  that  quantify  changes  in  engine  system  and  component  performance  and  durability 
that  result  from  changes  in  fuel  properties'  The  objective  of  the  ATP  is  to  provide  means  tor  qualifying  new  fuels  for  Navy  aircraft  with  a 
minimum  of  costly  full-scale  engine  testing  and  for  determining  the  acceptability  of  nonspecification  fuels  In  emergency  situations.  The  ATP 
modeling  effort  has  concemratad  on  defining  fuel  effects  for  the  TF3Q  engine  while  generally  outlining  approaches  trial  could  be  applied  to 
ether  systems. 

A.  COMBUSTOR 

The  TF30-P-414A  combustor  is  a  can-annular  design  having  eight  Individual  burner  cans  which  discharge  into  an  annular  transition 
duct.  The  burner  esc;  ers  obCvi  engine  comemne  and  are  interconnected  through  rroasovBr  tubes  tc  allow  propagation  of 

flame  from  one  can  to  another.  There  are  two  Ignitors  that  are  positioned  In  each  of  the  twu  burners  at  the  bottom  of  the  engine:  cans  4 
and  5.  Each  ignitor  is  aligned  wiih  a  fuel  nozzle  to  ensute  a  fuel  rich  mixture  for  ign  Hon.  From  the  lower  burner  cans,  flame  propcgaies 
through  the  crossover  tubes  to  the  remaining  six  cans. 

The  improved  durabliity/low  smoke  combustor  embodies  co-rotating  “noiiow-spray  cone’  air  awirlers.  an  increased  presjure  drop 
liner  end  a  tailored  cooling  end  dilution  hole  pattern  compared  to  the  B/M  versio".  fn  addition,  the  number  4  and  5  burner  cans  hove  a 
reduced  Mov  air  a  wide.-  at  the  Ignitor  position  tor  Improved  lighting.  Aside  from  the  ignitor  bosses;  ignitor  a  wirier  and  different  d..ution  hole 
patterns  for  ne  two  lower  cans;  and  the  afterburner  equirt  injection  port  In  tn§  number  4  can:  all  eight  cans  are  identical. 

Fuel  is  introduced  in  tho  dome  of  each  can  through  a  cluster  of  four  pressure  atomizing  rrozzlos  mounted  on  o  support  that  anchors 
the  front  end  of  the  can.  Primary  combustion  air  enters  the  dome  through  swirlera  concentric  with  the  fuel  nozzles  and  through  a  center 
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tube.  Of  the  Haw  snteiing  the  center  tubo.  swirl  13  imparted  to  only  approximately  4Q  percent  of  this  airflow.  Oilulion  air  to  reduce  the 
overage  g«3  temperature  and  to  tailor  the  temperature  distribution  to  produce  a  profile  that  is  acceptable  for  the  tin  bine  is  introduced 
through  raaisl  holes  in  the  walls  of  the  can.  Cooing  air  is  introduced  >n  the  annular  slots  formed  where  the  cyfin  'rical  louvers  are  welded 
toy  at  he  1 . 


TABLE  1. 
FUEL  ANALYSIS 


NAPC  Fu*.  No. 

Spac 

Paqmt*. 

22 

16 

17  ia  ic 

20 

2fl 

27 

Fo#4  typa  Catcrlptlon 

_ - 

F-76  MO  NO.  Z  Sun.  A 

SunB 

F-76 

JF-6 

•*** Composition*  ••  * 


Paraffin* 

£2.2 

06.8 

72.8 

67.3 

62.3 

68  4 

71.5 

81.3 

Aromatic*.  Vqj  parcant 

26.0  max 

17 

2  6 

26.4 

30.8 

37.1 

30.7 

27.8 

17.8 

Olafln*.  Vol  p«rc«nt 

6  0  m»x 

0.8 

0  e 

0.  B 

1.9 

0  0 

0.9 

0.0 

0  6 

Quiti^,  Tot  it,  vVt  paccant 

0  40  max 

0 

0 

0  37 

0.12 

0  21 

0.07 

063 

0.07 

AckJiry,  Total,  mm  KOHtg 

0-015  max 

0.003 

0.001 

0.07 

0.023 

0017 

0.017 

0.068 

0.003 

Hydrogen  Contant.  Wt  parcant 

13.60  min 

13.7 

14.5 

13.3 

13  4 

12.2 

12  0 

13-17 

13.7 

NitrOQWi,  pom.  Wt/voi 

6 

<  1.0 

67 

84 

178 

78 

- 

"•'Volatility" 

Distillation,  K 

IBP 

457 

460 

448 

4b0 

448 

445 

455 

445 

10  pWOOnt 

476  max 

472 

480 

486 

491 

460 

476 

60i 

466 

20  pnreont 

A7R 

482 

604 

606 

479 

486 

616 

473 

60  P*e*n1 

468 

468 

637 

642 

614 

513 

652 

466 

80  par  cant 

615 

607 

687 

SfiS 

581 

656 

605 

513 

EP 

563  rr.ax 

634 

636 

603 

G 14 

600 

693 

616 

637 

RaalJua,  ml 

1  5  max 

1.0 

O  8 

1.0 

1  5 

2.0 

1.5 

3.0 

1.0 

LMt,  ml 

1-5  max 

1.0 

0.2 

1  0 

0.0 

0.4 

0  5 

2.5 

0.0 

flash  Point,  K 

333  mm 

341 

344 

C44 

?44 

338 

343 

358 

334 

Oansily 

C.821 

0.801 

0  838 

0.839 

0-863 

0.843 

0.647 

0  618 

AR  Gravity  «t  238K 

36.0  —46.0 

40.8 

45.2 

37.4 

37.1 

32.5 

36  3 

35.6 

41.5 

Surfaoa  l#ns:on.  N/m(xlO*  } 

S.  140 

5.168 

5.384 

6.308 

5.246 

6.344 

5.380 

4.740 

a  *  *  *  Fluidity9  *  °  * 

Viscosity  at  273K  m»/*  (xlCF) 

3  3 

3.5 

7.21 

«  06 

4.80 

4.53 

10.21 

3.51 

Fraaza  Point,  k 

227 

22$ 

228 

266 

270 

250 

2S5 

266 

227 

viscosity  at  310  6k 

1  67 

1  67 

2.74 

2  66 

2  06 

1.91 

3.37 

1.57 

Tamparaiuro  at  1?  x  10-4n*/«.  K 

237 

237 

260 

265 

248 

247 

268 

236 

poyr  Point,  K 

21$ 

222 

2S2 

247 

2*1 

236 

268 

216 

""Combustion"" 

Anll'n*  -  Gravity  product 

4. bOO  min 

5.045 

7,417 

6.960 

6.009 

3.777 

4.208 

6  566 

6.622 

Nat  Maal  of  Combustion.  WJ.'Xo 

42.555  min 

42.687 

•3.423 

42.639 

42.728 

42.066 

42.390 

42.698 

42  806 

Nat  Haat  of  ComhuBtlon,  k*.tJir? 

35105.3 

34656.3 

36466.3 

35778.0 

36175.8 

35674.0 

36114.8 

35064  0 

fimoka  Point,  mm 

18.0  min 

19 

30 

18 

18 

13 

11 

16 

20 

""Corrosion"” 

Coppar  Strip,  2  hr  at  373  K 

10  max 

IS 

1 A 

1 A 

1A 

1A 

1 A 

1A 

IB 

• '  •  •Stability'  •  *  * 

OFTOT  Breakpoint  Tamp.  K 

644 

>588 

461 

404 

463 

494 

516 

625 

■■■"t  ) ntarninants •••• 

ExlBta-.t  Gum,  mg/100  nil 

7.0  max 

1.2 

0 

15.2 

1.4 

34.6 

12 

60 

0.8 

Padku'atira.  mgilii*r 

1.0  max 

1.73 

0.1 

8.45 

1.77 

4.18 

1.02 

2.42 

1.5to 

(1)  Exit  Temperature  Distribution 

Combustor  exit  temperatures  were  recorded  using  the  Automated  Recording  Temperature  System  (ARTS)  package  that  consisted 
of  a  set  of  completely  instrumented  first-stage  turbine  vanes  w«h  240  thermocouples  (five  per  vnnej-  ARTS  data  we^e  used  to  calculate 
the  turb  ne  inlet  pattern  factor  for  each  rest  fue:  burned  at  each  o>  the  four  power  settings  at  sea-luvei  conditions.  Pattern  factor  is  defined 
as  (Trsma*  -Tt5  )  1  (Trs  ~Tr*  )where  tT5  max  Is  the  maximum  temperature  in  the  plane  ot  the  first  stage  veno;  tt*  s  the  average 
combustor  axil  temperature  in  the  same  plane  ;nd  ^T4  is  the  combustor  inlet  temperature.  Weibuii  techniques  were  used  to  determine 
T75  m»x  whore  Trg  mix  was  assumed  to  equal  the  temperature  of  fi?  percent  of  the  cumulative  data  (moan  fit,  50  percent  confidence) 
a9  shown  in  Figure  2.  This  technique  eliminates  much  of  the  jncertd  nty  that  results  from  having  a  reduced  number  of  thermocouples,  and 
is  particularly  helpful  if  the  number  of  functioning  thermocouples  diminishes  dur:ng  the  course  of  the  testing. 

The  range  of  combustor  pattern  factor  measured  at  s©&  level  for  the  six  fuels  os  shown  in  Figure  3.  The  pattern  factor  at 
intermediate  power.  98  percent  N2.  is  considered  to  be  the  most  Bigni'icant  value  because  c !  the  effect  of  high  tts  on  turbine  van® 
durability.  Pattern  factors  were  iower  when  the  owation-type  fuels  JP-5  end  JP-7  were  burned  than  when  the  emergency  fuels  HO  No.  2 
and  F-76  were  u3eo. 

The  Weibull  pattern  factor  results  measured  for  various  fuels  in  the  7F30-P-4i4a  engine  were  correlated  with  9G  percent  distillation 
fuel  vaporization  index  ratio  as  shown  in  Figure  4.  The  ATP  prediction  and  burner  rig  results  cf  Reference  1  were  also  corrected  to  the 
same  parameters  for  companion.  Th®  comparison  ind'cetes  the  data  from  ongino  tasting  show  less  pattern  factor  variation  then  for  th®  rig 
data  or  the  ATP  prediction.  The  dilference  may  be  attributed  to  improved  operating  conditions  (i.®.,  higher  fuel  temperature)  in  engine 
testing  and  to  the  temperature  measurement  techniques  usod  (i.e.,  engine  ARTS  vanes  versus  rig  transveising  reke). 

Th®  ATP  correlaton  of  pattern  factor  was  based  on  TF30  fuel  effect  sensitiv*iy  anchored  to  previous  TF30  engine  data.  Thu 
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Reference  1  data  are  ainQi©-can  ng  data  which  typically  stow  much  lower  pattern  factors  than  engine  date  ~  _  HJ,,eronce  in  the  effect  of 
fuel  property  variations  on  pattern  factor  for  the  engine  results  are  attributed  to  better  eerodynomic  mixing  for  the  improved 
duratoiity/iow-smoke  combustor  and  higher  fuel  temperatures  with  the  eng  ne  fuel  system  as  compared  to  the  TF3U  rig. 

The  fuel  effect  on  averago  radial  temperature  profile  at  see  level  intermediate  powe  i3  shown  in  Figure  5-  The  average  red'Si  proMO 
Is  significant  between  zero  and  DC  percent  span  because  nf  i,s  influence  on  turbine  blade  yield  strength.  The  maximum  difference.  3.QK. 
in  radial  profile  a;  the  50  percent  span  location  due  to  fuel  effects  is  considered  to  be  insignificant  for  the  TF30  engine. 

(2)  Combustor  Linar  T#mp*r*tur* 

Any  changes  in  the  combustion  process  which  results  m  a  change  in  the  hoot  transfer  to  the  combustor  line*  will  effect  combustor 
durability.  The  effect  of  fuel  property  variations  on  the  local  combustion  qss  lempereture  end  the  resultant  liner  temperature  is  of  concern . 

The  temperature  of  the  combustor  liner  is  dependent  on  convective  and  radiative  heating,  as  well  as  cooling  air  tempeialure.  To 
isolate  these  separate  effects,  the  temperature  of  the  combustor  liner  was  correlated  with  the  riso  in  burner  temperature,  -  7T4.  Tins 
parameter  is  used  in  hect  transfer  analysis  to  determine  the  cooling  film  temperature  end  the  convective  heat  loading  for  a  louver  liner 
design,  such  as  the  TF30  combustor.  This  term  accounts  for  differences  in  gas  temperature,  represented  by  ^T5  changes,  and  for 
deficiencies  in  coolant  temperature,  ^T4.  By  comparison  of  fuel  effects  data  at  a  constant  burner  temperature  rise,  the  radiative  heating 
effects  due  to  fuel  property  variation  were  determined  The  fuel  radiative  heahnQ  effect  on  the  highest  combustor  linqr  temperature  ovor 
the  range  of  combustor  AT  operation  is  shown  in  Figure  6  The  aviation  jP-iype  fuels  3howoa  the  lowosi  radiative  heating  effect,  and  the 
Suntech  blend  fuels  with  low  hydrogen  content  had  the  highest  effect.  The  results  indicate  the  highest  combustor  liner  temperatures  occur 
at  intermediate  power,  the  condition  at  which  life  predictions  were  made. 

Higher  combustion  flame  radiation  caused  an  increase  in  combustor  liner  metal  temperature.  Increased  liner  temperature  caused 
by  fuel  combustion  effects  has  commoniy  boen  correlated  with  liner  severity  parameter,  lSP.  defined  83: 

L»ner  Severity  Parameter  (L3P)  *=  - kJDSi - —  ( 1 } 
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Correlation  of  combustor  LSP  with  hydrogen  content  for  the  latest  engine  data  is  compared  with  the  ATP  correlation  (Reference  2) 
ir.  Figure  7.  A  good  correlation  was  obtained  for  the  LSP  as  a  function  of  hyd.oger,  content.  T  ,e  trend  toward  increased  radiation  with 
decreasing  hydrogen  content  is  evident  for  the  TF30  corrDustor.  Since  it  is  the  change  in  LSP  which  determines  changes  in  liner  life,  the 
agreement  in  the  slopes  of  the  data  trends  confirm  thu  original  ATP  prediction. 

(3)  Combustor  Life 

The  ATP  prediction  of  fuel  effects  on  combustor  lino*  temperature  was  based  on  the  TF30-P-414A  biil-of-matenels  combustor  and 
fuel  effects  data  of  Reference  1.  Tne  improved  durability/ low-smo1  n  combustor  proposed  for  tr-e  TF30-P-4I4A  engine  incorporates 
several  improvements  to  increase  life,  including  local  cooling  changes  and  louver  post3  to  prevent  liner  overheating  due  to  iouver  cooling 
passage  closure.  Based  on  the  current  TF30  fuel  effects  data  and  improved  durability  combustor  geometry,  e  life  prediction  analysis  wns 
COi'QuCiGO ■  Using  mis  analysis  oi  riie  uiieci  o'  maximum  hnei  leuipeiaiurti  un  uyu>c  life,  me  eiioci  oi  fuei  hydrogen  comeru  on  liner  nie 
was  determined.  The  resulting  correlation  is  shown  in  Figure  8.  Relative  to  the  JP-5  baseline,  the  fuol  with  tne  lowest  hydrogen  content 
(1.5  percent  less  hydrogen)  reduced  TF30  liner  life  by  20  percent.  Thy  percent  reduction  in  liner  life  with  decreased  hydrogen  content  is 
similar  to  that  predicted  by  the  ATP  correlation. 

(4)  Altitude  Airstarl 

The  ability  to  restart  an  engine  in  fiigtnt  is  dependent  on  the  aerodynamic  conditions  within  the  combusto.  and  on  the  condition  of 
ihe  fuel  spray  near  the  Ignitor.  The  aerodynamic  variables  at  standard  day  conditions  include:  inlet  pressure,  Mach  number,  altitude, 
airflow  rate  and  air  tomperature.  Using  any  two  of  these  variables,  the  other  variables  may  be  defined  from  a  standard  day  windmill  m9p 
The  critical  fuel  properties  and  flow  factors  which  determine  the  condition  of  the  fuel  spray  near  the  ignitor  are  typically  fuel  viscosity, 
surface  tension,  density,  volatility,  flowrate  and  flow  split  in  dual  orifice  Injectors. 

Altitude  airgtart  limits  as  defined  by  flame  propagation  to  all  burner  cans  were  determined  fur  eocn  of  the  test  tueis  by  finding  the 
boundary  between  complete  (*.e -  successful)  and  parcel  lights,  no  i-ghts,  and/or  hot  starts  (l.u.  unsuccessful).  Compnrison  of  results  for 
each  fuel  is  plotted  on  the  TF30  windmilling  a'rs.art  invelope,  shown  in  Figure  9.  A  comparison  between  fuels  is  made  along  linos  of 
constant  high  rotor  speed  at  windmilling.  The  aviation  JP-type  fuels,  which  are  more  volatile  and  less  viscous  than  the  other  blend  fuels, 
havn  the  hinhnr  air«rArt  Altitude  limits. 

Under  tho  ATP,  an  Altitude  ignition  correlation  was  developed  oased  upon  the  relationship  derived  by  Belial  and  Lelobvre  for 
minimum  Ignition  enorgy  In  a  heterogeneous  flowing  stream  (heierence  3) .  The  correlation  was  developed  by  explicitly  combining  fuel 
properties  into  a  single  parameter  referred  to  as  the  fuel  characterization  parameter  (FCP):  Reference  4. 

A  simplified  correlation  was  developed  m  order  to  compare  results  from  simulated  altitude  Ignition  rig  operations  and  Tf30  engine 
operations.  The  change  in  altitude  ignition  iim:t  aa  0  function  of  FCP  was  determined  for  the  highest  rotor  speed  line  (35  percent  N2)  of  the 
engine  results  and  for  tho  equivalent  air  flow  line  of  the  TF30  rig  results  (Reference  5).  The  ignition  data  consisted  of  onfy  those  points 
that  wore  determined  to  be  no  lights  or  single  burner  can  lights  (i-e.,  only  one  burner  can  ignited).  FCP  for  0  fuel  in  question  was 
normalized  by  dividing  It  by  the  FCP  value  for  JP-5  to  obtain  the  fuel  parameter  ratio,  FPR: 


FPR  - 


A  correlation  comparison  of  the  offoci  of  fuel  properi'Bs  on  TF30  altitude  ignition  for  the  latest  engine  results  end  for  the  ATP  model 
ia  nhown  in  Figure  10. A  ...  ger  fuel  effect  variation  Is  seen  for  the  improved  durebiMy/luw  smoke  combustor  than  for  tho  bHi-of-mntenois 
combustor.  The  difference  may  be  attiibuted  to  an  aerodynamic  change  to  improve  Ignition  capability  of  trig  improved 
durabliityhow-snioke  combustor  used  In  the  TFjO'P-^WA  engine  and  10  better  conditions  for  ignition  relative  to  component  rig  testing 
(Reference  t).  The  fuel  tempe/alure  was  al3U  a  contributing  factor;  the  temperature  ranged  from  304  to  372  K  during  engine  testing,  but 
was  controlled  et  278  k  during  component  testing.  The  altitude  ignition  correlation  for  the  TF.TQ  engine  with  iho  0/M  P-4i4  combustor  is 
expected  to  lie  between  the  current  component  rig  results  and  the  engine  results  for  the  improved  durability /tow  smoke  combustor. 


During  prior  ATP  studies,  a  correlation  was  developed  based  on  TF30  combustor  ng  data  of  minimum  fuel  flow  a;  throe  different  eu 
flowrates  to  obtain  ground  start  ignition  characteristics  A  correlation  of  ground  start  minimum  fuel -air  ratio  eg  a  function  cf  normalised 
vaporization  index,  calculated  for  TO  percent  d-stillation  temperature,  is  presented  m  Figure  1 1 

During  this  program,  data  on  ground  starts  were  obtained  for  the  TT30-P-414A  engine  by  varying  the  embiant  temperature  for  the 
highost  viscosity  fuels:  F-76  and  HO  No.  2.  The  ground  start  i-mits  were  defined  as  full  fights:  determined  by  flame  propagation  betwoen 
cans.  Since  different  criteria  were  employed  to  evaluate  orcund  start  limits  (t.e.,  minimum  amoieni  temperature  versus  minimum  fuel-  air 
ratio),  the  TF30  engirs  results  could  not  be  directly  compared  with  those  of  the  combustor  ng  (ATP  correlation).  Using  the  TF30  engine 
results,  a  correlation  was  developed  for  minimum  embisnf  temperature  as  a  function  of  fuol  volatility  similar  to  other  investigators 
(Reference  6).  The  effect  of  fuel  10  percent  distillation  temperature  on  TF3Q  ground  start  is  shown  m  Figure  12-  Since  tho  ambient 
temperature  13  the  cold  soak  temperature  for  the  engine,  it  represents  both  the  combustQ.  inlet  air  temperature  and  fuel  temperature. 

(6)  Smoke 

The  influence  of  the  fuel  on  this  porticulote  formation  is  evened  through  both  the  fuel  chemistry  ancf  the  physical  properties  mvoivod 
•r.  luel-air  mixture  preparation.  Aromet.c  molecules  have  been  shown  to  readily  undergo  condensation  reactions  that  eventually  lead  to 
graphitic  structure  (Roloronce  7).  Additionally,  long  droplet  lifetimes  increase  the  change  for  liquid  pyrolysis  and  create  locally  fuol -rich 
conditions  under  which  the  condensation  reactions  may  dominate  the  oxidative  reactions.  The  cumulative  effect  of  changes  m  both 
physical  and  chemical  propert'OS  of  the  fuol  Is  shown  m  Figure  T3  where  smoke  number  is  plotted  sgomst  high  rotor  sp»ea.  The  operating 
Conditions  of  th©  TF30-P-414A  engine  that  yields  tho  highest  smoke  is  a  paa  power  setting.  The  highei  smoke  at  part  power  conditicis  is 
attributed  to  low  secondary  nozzle  fuel  pressure  drop  and  correspondingly  poor  fuel  atomization.  Tn©  largost  fuel  effects  on  smok© 
formation  also  occurs  at  pan  power  setting  for  ih©  P-414A  eng'ne.  This  result  implies  that  fuel  effects  become  mo/e  pronounced  under 
less  favorable  operating  conditions. 

A  7F30  smnko  comparison  et  intermediate  power  is  shown  in  Figure  14  foi  the  test  fuols  at  different  flight  points.  Th©  smoke 
results  have  been  plotted  against  fuel  hydrogen  content.  Eariior  studies  (References  1.2.5  and  8;  have  indicated  a  strong  depondonco  of 
smok©  number  on  hydrogen  content.  Th©  change  in  smoke  with  fkghi  point  is  attributed  to  differences  in  fuel  prepaietion  (I  9..  fuol 
temperature  and  nozzle  pressure  d/Op)  and  combustor  oporatmg  conditions  (i.e..  inlet  temperature,  pressure  and  fuel-air  ratio). 

The  TF30-P-414A  engine  smoke  resulis  for  the  improvnd  durability/low-smoke  compustoi  measured  et  intermediate  power  for 
several  flight  points  wore  correlated  with  hydrogen  content  of  the  fuel  m  Figure  15.  The  ATP  smoke  prediction  is  indicated  as  a  shaded 
region  throuQh  tho  JP-5  (baseline  fuel)  data.  Comparison  shows  slightly  larger  effects  of  fuel  property  variation  on  smoke  lor  th©  engine 
results  than  predicted  with  the  ATP  correlation  The  ATP  smoke  correlation  was  based  on  higher  smoko  number  results  of  engm©  and  rig 
testing  of  th©  TF30-P-414  and  P-3  biH-of -materials  combustors  (References  J,  5  end  9). 

Extrapolation  ot  tb&  low  smoke  combustor  data  indicates  that  a  zero  smoke  number  corresponds  to  a  hydrogen  cor.i6.ii  of 
Appf0xir«8te!y  !5.C  percent.  This  exnapoiation  is  probably  not  valid  above  about  15.0  percent  hydrogen.  However.  the  bends  do  indicate 
that  over  the  range  of  interest.  i?  0  to  15  0  percent  hydrogen,  tho  effect  of  hydrogen  content  on  smoke  number  is  linear,  end  the  slope  is 
approximately  proportional  to  this  smoke  number  at  somo  reference  hydrogen  content.  Tho  expression  for  smoke  number  from  Rofeience 
5  was  modified  for  the  proposed  combustor  and  is  given  as  follows: 


A  correlation  was  also  developed  to  e'-aiuaie  the  effect  of  variations  of  fuel  physice1  properties  on  smoke  fo/mation.  The  physical 
property  ehec.s  were  calculated  based  on  a  relative  fuel  droplet  size.  The  fuel  drople*  Sauter  mean  diametor  (SMD)  was  normalized  by 
dividing  the  SMD  for  JP-5  fuel  calculated  at  289  K.  The  smoke  data  for  other  fuels  were  adjusted  to  a  reference  smoke  number  lor  ©  13. 7 
percent  hydrogen  content  feel  using  the  above  correlation.  The  effect  of  SMD  tatio  on  TF30  smoke  number  is  shown  in  Figure  16.  A 
comparison  of  the  smoke  correlations  indicates  a  stronger  dependence  on  hydrogen  content  than  on  dropiGt  size. 

(7)  Transient  Operation 


Engine  acceleration  from  idle  to  Intermediate  power  is  set  by  the  operation  of  the  main  fuJ  control.  Fuel  rate  !s  metered  5.'. 
nrr£inrg»;/>n  schedule  un:;!  cr.gins  spwu  nears  intermediate  N2.  The  rate  of  acceleration  is  dependent  on  combustor  heat  release  during 
the  eccolei  alien  period.  The  heat  release,  in  turn,  is  Influenced  by  fuel  effects  parameters,  such  as  combustion  efficiency,  fuel  flow  rate 
and  lower  heating  value.  Analysis  of  transient  data  from  snap  accelerations  with  the  lest  fuels  indicates  acceleration  tim9s  to  reach  98 
percc.'it  of  intermediate  N2  at  the  Mach  No.  0.5/3.348  m  flight  point  to  range  from  29  to  4 1  percent  of  the  specified  maximum  sea-level 
transient  time  for  the  control. 

The  minimum  burner  fuel -all  ratio  for  evaluating  blowout  wos  determined  by  performing  snap  intermediate-to-ldie  docelei aiions  at 
altitude  for  each  of  the  test  fuels.  During  engine  deceleration,  the  fuel  flow  is  set  by  the  main  fuel  control  to  a  minimum  Wf/P$4  schedule 
until  engine  speed  nears  Idle  Nj.  A  typical  deceleration  transient  is  shown  in  Figure  1 7.  Analysis  of  the  transient  data  indicates  a  minimum 
fuel-air  ratio  of  0.0055  occurs  within  1 .2  soconds  of  the  throttle  pull  bock. The  engine  speed  reached  98  percent  of  idie-sett.ng  N*  within  12 


10 

seconds  ol  the  tliro'Ue  chango.  A  loan  blowout  fuel  air  ratio  of  j.0030  was  rnoflsmed  for  jp-5  fuel  in  rig  tosts  at  idle  conditions.  A 
comparison  of  minimum  fuel -air  ratio  during  snap  deceleration  at  Mach  No.  0.8^15.240  m  with  the  measured  lean  blowout  value  indicates 
at  Me  least  a  45  peicent  margin.  No  burner  lean  blowouts  were  e*ponenced  during  the  snap  deceleration  transient  testing  with  any  of  the 
fuels. 


B.  AFTERBURNER 

The  afterburner  of  the  TF3Q-P-414A  consists  of  five  independent  zones  that  are  enQagod  individually  depending  on  the  lovei  of 
thrust  augmentation  required.  Fuel  flow  to  each  zone  is  suppled  through  independent  fuel  manifolds  and  Sfr8yrings  The  fuel  ig  mjoctQd 
upstream  against  a  sptaih  plate  through  fixed  area  orifices  in  each  sprayring.  The  spreydngs  for  zonog  III  and  V  consist  of  Single  concentric 
rmga  and  are  located  in  the  fan  sircam  The  three  concentric  spraynnyg  for  zone  IV  are  in  the  vitiated  coro  stream,  and  the  single  rings  of 
zone  i  and  n  are  located  near  the  interface  between  the  Jan  and  core  streams  The  locations  of  the  aprayrings  and  fiameho'dors  ere  shown 
In  Figure  18. 

Tho  fiameho:der  consists  of  an  annular  vee  nutter  with  radmi  spokes.  There  are  s>x  equally  spaced  fiamphoide'3  that  extend  radially 
inward  from  the  annular  vee  gutter  acioss  the  co  3  stream.  An  additional  six  vee  gutters  extend  from  the  annuiai  vee  gutter  halfway  across 
the  core  stream.  Se.enteen  rad*a!  vee  gutierg  emend  from  the  annular  flamehoider  outward  into  the  (an  stream 

The  annular  fiamehc-kter  acts  *9  o  pilot  providing  an  ignition  sourco  and  flame  stabilization.  The  combustion  process  is  distributed 
Axially  downstream  to  the  nozzle  throat.  The  hot  combus.ion  gases  are  surrounded  by  a  liner  to  reduce  tho  heat  tiansfer  to  the  engine 
case.  This  liner  »s  2.20  m  in  length  and  consists  of  two  sections:  a  screech  portion  designed  to  suppress  high  frequency  acoustic 
oscillations,  and  a  conventional  louvered  portion.  The  screech  section  contains  a  total  of  30  rows  of  holes  in  three  g-oups  with  an  exiei  hole 
•pacing  of  0-019  m  between  each  group.  Eleven  louvered  panels  are  located  downstream  of  the  screech  section. 

(1)  Lighting  Disturbances 

The  TF30-P-414A  afterburner  uses  a  main  and  auxiliary  tue(  squirt  system  and  zone  i  fuel  sprayring  ojiing  igmton.  Dunny  the 
lighting  sequence,  the  afterburner  fuel  control  starts  filling  the  zone  i  spreyrmg.  and  begins  flowing  the  au**iiory  squirt  that  injects  fuoi  into 
the  air  stream  at  the  turbine  exhaust  A  zone  i  manifold  fuel  pressure  signoi  init>eio3  tho  main  squid  that  injects  fuel  into  the  No.  4  burner 
can  causing  a  momentary  rich  fuel-air  mixiure  and  a  hot  streak  fierne.  This  flame  propagates  through  the  turbine  and  lights  the  auxiliary 
squid  and  zone  l  fuel  flow.  The  ignition  of  the  SQuirt  flow  along  with  the  zone  i  lighting  fuel  flow  can  result  m  relative1/  high  lighting  pressure 
spikes  due  to  the  sudden  gas  temperature  rise  with  a  choked  exhaust  nozzle. 

Zones  II  through  V  are  schoduled  independently  at  a  minimum  fuel  How  iatio  (Wf/Ps*  )  by  iha  afterburner  fuel  control  Tho 
introduction  of  these  zones  wilt  also  cause  a  pressure  disturbance  because  of  sudden  temperature  Change  in  the  afterburner  Tho  amount 
cf  pressure  disturbance  depends  on  the  size  of  the  zone,  the  sequence  order  and  the  combustion  Rfficioncy.  The  TF30-P-414A  engine 
uses  an  afterburner  soft  light  system  to  reduce  this  over  suppression  by  pieopening  tho  engine  exhaust  nozzi6  Asa  result,  the  turbine 
pressure  ratio  is  suppressed  prior  to  the  introduction  of  each  zone;  so  that  it  is  Shi*  within  stall  margin  limits  with  the  addition  of  lighting 
spikes  for  each  zone. 

Data  taken  with  five  fuels  at  the  Mach  No.  0.5/3,048  m  point  displayed  no  significant  differences  in  pressure  spikes  during  lighting 
o<  the  diflerent  zones  Table  2  summarizes  tho  maximum  pressure  spike  from  the  nominal  steady  state  pressure  levels.  The  data  indicate 
that  there  should  be  a  minima'  change  in  afterburner  lighting  disturbance  with  these  fuels. 


TABLE  2. 

IGNITION  SPIKES  FOR  TEST  FUELS 
(Relative  to  JP-5  operation) 
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(2)  Afterburner  Performance 

Combustion  efficiency  of  the  afterburner  Is  determined  by  the  flame  aproadmg  process  downstream  of  tho  fhmehoider.  For  o 
turbofnn  engine  afterburner,  such  as  the  TF30.  better  vaporization  m  the  core  stream  leads  to  higher  combustion  efficiency  than  m  tho  fan 
stream.  The  influence  of  fuel  property  venations  is  to  change  in  ihe  rate  of  fuel  vaporization  and  fuel  droplet  combustion. 


The  afterburner  combustion  efficiency  was  determined  for  tna  test  fuels  from  measuremenis  of  carbon  monoxide  and  unburned 
hydrocarbon  concentrations  at  the  nozzle  exit.  Data  were  obtalnod  at  ihe  following  testing  pom.j:  Marh  Nn  n  3,riAA  ro  Mtc.h  Nc.  C.P.* 
1U.668  m  and  Mach  No-  0.8/  12.192  m.  The  afterburner  combustion  efficiency  variation  with  fuel  type  for  the  Mach  No.  0.0/12,192  m  test 
point  is  shown  In  Figure  19.  The  solid  ime  indicates  the  expected  efficiency  for  operation  of  each  afterburner  zone  with  JP-6  fuel.  The 
•fficlency  results  for  the  other  test  points  show  a  similar  fuel  effect;  t.e.iu. 

In  correlating  th«  afterburner  comoust'cn  efficiency  data,  the  propertias  of  tne  fuel  relating  the  burning  rates  of  fuel  droplets  were 
studied.  An  ATP  correlation  for  combustion  efficiency  was  dovelcped  using  the  10  percent  and  90  percent  distillation  temperatures 
(Reference  5).  The  10  percent  d-stitlaton  temperature  ‘s  considered  to  affect  the  vaporization  rale  and  burning  of  the  lighter  fuel  onds  in 
the  flamehokJer  wake,  and  tho  90  percent  distillation  temperature  is  related  to  vaporizet»on  and  droplet  burning  of  the  heavier  fuel  ends 
downs»ream  of  the  fiamehofaar.  A  linear  regression  was  used  to  develop  an  expression  for  the  change  in  combustion  efficiency  relative  to 
JP-5  as  folk)**: 


*W  -  10-140  &T,Q  4  0.0274  fra  ♦  0.0102  a  T,Q  -0.00342  AT* 


I  7 

(4) 


Wheie.  4  T,0  «  (Tf  -  T^f  j)  at  10  percent  dist'Hation  (  *F) 

A  V)  *  (lf  “  TRtr)  6t  90  percent  distillation  {  °f) 
i/9  -  Afterburner  foot  air  rat'd 

i}p,EF  *  Combustion  efficiency  of  reference  fuel  (percent). 

The  coeff'C'GMis  of  this  correlation  differ  from  those  of  the  previous  ATP  corroid'On  The  detrimental  fuel  effects  are  shown  by  the 
not  noQat've  coefficients  for  both  the  JO  percent  and  90  percent  distillation  temperature  difference.  The  results  of  this  correlation  are 
compared  with  the  efficiency  data  and  the  previous  ATP  prediction  ,n  Figure  20  for  F-76. 

These  curves  Indicate  that  fh<j  above  correlat.on  agrees  well  with  the  measured  efficiency  data,  tho  coefficient  of  determination  (r*) 
Is  P.975  tor  911  of  the  cue. native  fuel  date.  The  ATP  prediction  was  based  on  previous  fuel  effects  sector  ng  testing  Those  tests  wo'o 
apparently  not  representative  of  fun  engine  tests.  The  above  correlation  boite1'  refiocts  expected  fuel  effect  trends  and  should  be  used  for 
prod'Cf'hg  afterburner  combustion  efficiency  changes  .n  place  or  the  prevous  ATP  prediction 

(3)  Ffamaholdar  Temperature 

The  TF30  afterburner  fiamehoider  consists  of  an  annular  pilot  vee  gutter  with  radio!  vee  gutters  extending  >nto  the  core  and  fan 
streams. The  fiamehoidors  acts  as  a  bluff  body  to  maintain  a  combustion  fiame  withm  its  woke.  in  performing  tfi-s  function,  the  fiBmunotder 
is  heated  by  convective  heat  tiansfer  bom  the  airsiream  and  by  red'ative  heat  transfer  fiDm  the  combustion  flnmo.  The  iniiuonco  of  fuel 
property  variations  on  fiamehoider  temporal jr©  is  through  changes  «n  engine  operating  temperature  (i.©.,  turpino  exit  temporatuie 
d-ffe'ences)  and  through  changos  in  radiative  heating  duo  to  differences  in  fuel  chemistry. 

The  tipmehoidor  metal  lemperatures  were  moesu'Qd  by  thermocouples  installed  on  tho  annular  and  iadiai  vee  gutters  at  sovera! 
locations. The  highest  tempe'atuie  readnQ  occurred  for  the  core  stream  radial  fiamehoider  at  the  Mach  No  0.5/3048  n  maximum 
afterburner  po>nt.  The  variation  in  the  highest  flamehoidei  temperature  with  fuel  type  is  snown  in  Figure  21. 

A  fuel  effect  correiat'on  for  tho  maximum  flamehofder  temperature  was  obtained  from  iha  measurements  (reference  Figure  2  0  by 
applying  a  correction  to  G-052  afterburner  fud-an  ratio-  The  fiarroho'der  temperature  correiai-on  at  maximum  afterburning  is  shown  m 
Figure  22.  The  actual  data  corrected  to  the  appropriate  afterburner  fuel -air  rat-o  setting  are  indicated.  The  results  show  a  radiative  hooting 
effect  of  the  fuel  cn  temperature  of  the  fiamehoider  due  to  fuof  propony  venation.  Only  a  minor  effect  on  durability  is  expected  with  the 
use  of  alternative  fuels  smee  the  fU*moholde'  is  a  low  maintenance  part  requiring  weld  repair  of  trailing  edge  ciacKs  at  periodic  overhaul 
periods 

(4)  Afterburner  Liner 

The  aftorbumer  liner,  whicn  is  a  conventional  louver  des'on.  uses  o  pomon  of  fan  airflow  for  cooling  Liner  heating  is  thiougn 
convective  and  radiative  heat  transfer  from  hot  combustion  gases  Tho  amount  of  hooting  deponds  on  afterburner  fuel  air  ratio,  particularly 
that  of  zone  V  smeo 't  is  tno  most  oulboa-d  zona  located  nearest  the  liner  The  influence  of  fuel  property  vcnotions  on  imor  temporature  is 
through  chang03  in  afterburner  operating  fuol-air  ratio  and  changos  in  radiative  heating  duo  to  differences  in  fue:  chemistry.  The 
aMerburner  liner  temperatures  wore  measured  at  several  locations  along  the  length  of  the  liner.  The  highest  imer  temperatures  were 
recorded  at  the  Moch  No.  0.5/3, 04Qm  maximum  afterburner  test  point  Measurements  of  typical  imor  temperatures  are  shewn  in  Figure 
23. 


A  fuel  e*tecl  correlation  of  attei burner  Imer  tomporaturo  was  determined  from  the  measurements  (reference  Figure  23)  by  applying 
the  correction  for  afterburner  fuel-air  ratio.  The  afierbumer  Imer  lemporatura  correlation  is  shown  m  Figure  24.  Actual  data  corrected  to 
tho  appropriate  afterburner  fuel-air  ratio  setting  aid  included  The  results  indicate  that  afterpurnor  imor  temooreiure  is  sightly  dependent 
on  radiative  heating  effocts.  Using  an  afterburner  imer  life  prediction  modol  (Reference  9),  the  change  m  LCF  life  was  deiorm  nod  for  tho 
alternative  fuels  relative  to  JP-5.  The  results  Shown  m  Figure  25,  indicate  l  3.5  percent  ICF  I'fO  improvement  for  JP-7  and  a  deficit  for  the 
othor  alternative  fuels. 

(5)  Afterburner  Exhaust  Nozzle 

The  afierburnor  exhaust  nozzle  is  a  convergont/divergom  area  type  It  has  hydiauiically  driven  nozzle  segments  located  aft  of  die 
afterburner  combustion  chamber  duct.  Seals  ore  installed  mtomally  betwoen  adjacent  sngmonts  by  guides,  seal  lucks  and  Dons  This 
arrangement  allows  the  segments  to  travel  in  both  a  radial  and  an  axial  direction  while  maintaining  surface  contact  between  the  seals  end 
segments.  Both  nozzle  segments  and  seals  ere  exposed  to  convective  and  rad'ative  heating  by  not  combustion  gases  when  the  nozzle  13 
fully  opened;  this  occurs  at  tho  maximum  afterburner  operating  point. 

Th©  afiBrbuinor  exhaust  nozzle  temperatures  were  measured  by  installing  theimoccup  es  on  the  backside  of  the  nozzle  sogments 
Due  to  relative  travel  between  the  pveriapoing  seals  and  segment  on  the  msioe  (1  ©.,  hot  side)  surface,  it  was  necessary  to  install  the 
thermocouples  on  the  outside  segment  surface.  Although  the  measured  temperatures  are  lower  than  experienced  on  the  hot  side,  the 
trends  wi'h  fuel  property  variation  can  be  determined.  A  tyP-cet  nozzle  segment  temperature  is  shown  in  Figure  26. 

A  fuel  effect  correlation  of  exhaust  nozzle  temperature  was  determined  from  the  measurements  (reference  Figure  26j  by  applying 
the  correction  for  eMeiburncr  fuei-air  ratio  Tne  exhaust  nozzle  temperature  correlation  at  maximum  afterburning  is  shown  in  Figure  27. 
Actual  data  corrected  for  appropriate  fuei-air  ratio  are  included.  The  results  show  a  sma'i  fuel  radiative  heating  effect  Tha  correlation 
Indicates  an  18K  difference  in  nozzle  temperature  between  aitA.rna»,vw  r«je!;  and  with  pruvicua  resuiis  tRorerenco  10/.  This  would 

rBsun  In  a  small  influence  of  fuel  property  variation  on  exhaust  nozzle  i»fe. 

(6)  Spraying  Coking  and  Fouling 

T-he  TF30  afterburner  fuel  spiayrmgs  consist  of  fixed  orifice  injectors  and  splash  plat«3  for  fuel  disiribution.  Tho  3prayrings  are 
empty  of  fuel  until  afterburner  operation  is  selected.  Tne  core  stream  spray-ring  (i.e..  zones  1,  n  and  IV)  are  exposed  to  1460K  turbine 
temperature  both  during  interm  *d»ate  and  afterburner  operation.  The  sprayrirg  hot  wall  and  fuel  temperatures  lead  to  conditions  that 
cause  internal  coking,  particularly  during  initiation  and  cancellation  of  the  zone. 


The  core  stroem  gpreyrmgs  are  also  subject  to  the  build  up  c!  external  surface  deposits  through  formation  ol  combustion  related 
compounds  cariiod  in  the  fuel  as  impurities  (r.e  .  sulfur  end  metals).  These  compounds  may  bo  deposited  by  the  turbine  exhaust  flow,  o» 
they  may  be  formed  when  fuel  spray  collects  on  the  spreyiing  aurfaco  and  is  heated-  Tho  build  -up  of  the  Surface  deposit  around  the  fuel 
Orifices  can  restrict  the  fuel  f'ow  ifate  through  the  spraynnQ 

The  severity  of  afterburner  aprayring  coking  and  orif.ce  fouling  was  ©vaiuotod  by  conducting  post -test  flow  calibrations.  Posults 
indicated  flow  reductions  of  12.8  and  3.5  percent  in  the  Zone  II  and  M  spreyrings.  respuctiveiy;  the  romaining  spreyrings  were  within  flow 
specifications  this  amount  of  apraynng  fouling  is  not  untypical  for  the  amount  ol  aMe 'burner  testing  conducted  in  the  engine  fuel  effects 
investigation. 

Following  post  -test  inspection  of  the  engine,  the  flow  capacities  of  tho  sprayrings  were  fully  restored  through  chemical  and 
pyrolytic  cleaning  techniques,  it  is  likely  that  some  pyroiit'C  cleaning  of  2ono  I  and  IV  spreynngs  occurs  when  installed  in  the  afterburner 
since  these  spreyrings  are  directly  exposod  to  turbine  exhaust  temperatures. 

(7)  Smoka 

Carbon  panicles  are  generally  consumed  during  afiorbumor  operation  due  to  multiple  diffusiun  flam©  fronts  and  relative  tong 
residence  time  at  high  tompu'eture  in  the  afterburner  duct.  Tho  smoke  reduction  with  afterburner  setting  at  Mach  No  Q.  5/3.048  m  is 
shown  in  Figure  28  The  results  mdicaie  a  40  percent  reduction  in  intermediate  smoko  lovoi  throuOh  zone  3  operation  and  an  85  percent 
smoke  reduction  for  maximum  afterburner  operation  Th©  amount  of  smoke  reduction  is  Indepondont  of  fuel  type  and  is  associated  with 
the  amount  of  combustion  coverage  of  tha  core  stream  zones  (l.e.  zones  t,  ii  and  *V). 

(6)  Transient  Oparatlen/Opareblllty 

Rapid  transients  require  me  afiorburnor  control  system  to  initiate  zone  l  ignition,  compute  and  meter  fuel  liow.  sctoci  inoividuai  fuel 
zones  for  operation,  anp  change  the  exit  aroa  to  maintain  the  desired  engine  pressure  ratio.  During  a  transient  to  zone  V  oporatron,  the 
nozzle  area  is  scheduled  to  lead  the  fuel  flow.  There  is  a  scheduled  pause  as  each  individual  fuel  zone  comes  in  to  allow  enough  fill  and 
light  time  before  nozzle  area  and  fuel  flow  are  increased.  The  influence  of  fuel  property  variations  is  to  change  rhe  scheduled  flow  rates 
through  spoohc  gravity  diffe'©ncos  and/or  to  change  afterburner  temperatures  (i.o..  desired  nozzto  opening)  due  to  fuel  vaporization  and 
combust'on  efficiency  differences.  The  a'tor burner  control  must  be  tolerant  of  these  fuoi  proporty  vacations  to  prevent  fan  stall  due  to  over 
suppression  (i  o.,  h:gh  engine  pressure  -atiP)  or  low  rotor  overspeed  due  to  undersuppression  (i.e..  low  engine  pressure  ratio). 

The  capability  of  the  P-414A  after  bui.  er  control  to  accommodate  various  fuels  was  evaluated  by  performing  intermediate  to 
maximum  afterburner  snap  transients.  A  senos  of  five  snaps  wero  attempted  for  each  fuel  in  each  of  five  tect  regimes:  Mach  No. 
0.5/3,048  m.  and  Mach  No-  0-8  at  10.E6C;  t?.i92;  13.716:  end  15.240  m.  The  results  indicate  successful  intermediate  lo  maximum 
transient  operation  for  all  attempts,  except  fof  the  Mach  No.  0.0/15.240  m  point.  A  slow  intermediate  to  maximum  transient  was 
performed  for  each  fyei  at  this  point,  and  it  wns  found  that  fan  stall  occurred  during  the  afterburner  reduction  to  intermediate  sotting - 
Analysis  of  transient  data  of  the  Stan  indicates  the  fan  w  >s  ovorsuppressed  due  to  the  nozzle  area  change  loading  the  afte< burner  fuel  flow 
reduction.  The  stalls  during  aftei burner  carcoliotio  ie  Mach  No.  0.8/15.240  m  pom;  were  considered  to  be  a  result  of  the  feel  control 
schedule,  and  were  not  attributed  to  fuel  proporfy  stions. 

The  time  to  complete  the  intermediate  lo  maximum  afterburner  transient  is  a  function  of  ahei burner  fuel  control  schedule,  and  is 
independent  of  fgPl  type  Analysis  of  tho  snap  transient  data  indicates  the  mean  times  to  achieve  90  percent  maximum  nozzle  area  were 
3  9  and  5.2  seconds  for  tho  Mach  No.  0.5/3.048  m  and  Mach  No.  0.0/13.716  m  points  respectively.  These  test  points  represent  the 
afterburner  fuel  flow  range  over  which  transient  testing  was  accomplished  These  transient  times  are  within  the  fuel  control  specifications. 

An  assessment  of  the  effect  of  fuel  property  variation  was  made  for  those  aspocts  of  the  TF30  afterburner  which  affect  ns  ability  to 
fulfill  the  requirements  of  on  aircraft  mission,  i  e..  operability.  The  most  critical  condition  is  the  upper  left-hand  corner  Of  the  flight  envelope 
(low  Mach  number,  high  altitude  conditions)  Aftei  burner  operation  at  these  conditions  reduces;  (lj  ignition  of  the  pitot  zone,  \2) 
subsequent  flame  propagation  to  the  remaining  zones,  and  (3)  stable,  efheton;  combustion.  Efforts  were  directed  at  defining  fuel  effects 
on  the  ignitions,  stability  end  transient  operation  of  the  afterburner  under  these  condition? 

The  fuel  effects  testing  of  afterburner  lighting  indicated  zone  1  ignition  with  tho  hot  squid  system  occurred  for  a1;  fuels  for  tho  test 
points  of  3.048  through  15.240  m  altitude  Previous  afterburner  lighting  testing  with  a  spark  ignitor  at  the  zona  1  circumferential 
f  amehotder  location  fuund  a  limit  w  Ignition  altitude  due  to  variations  in  fue!  properties  (Reference  5)  Comparison  of  these  results  indicate 
that  thy  hot  squirt  system  has  superior  lighting  capability  to  the  spark  igniter  and  no  fuel  effects  are  apparent  with  the  hot  squirt  ignition 
system. 

6.  CONCLUSIONS 

Based  upon  the  results  of  the  TF30-F-4MA  engine  testing,  and  the  analysis  of  fuel  effects  data,  ihe  following  conclusions  ore 
made  with  regard  to  :he  effect  of  fuoi  properfy  variation. 

a.  A  significant  loss  in  attitude  airstait  capability  was  seen  for  fuels  with  higher  fuel  characterization  parameter,  FCP.  The  primary 
factors  which  caused  th>s  change  me  differences  in  tuef  viscosity  and  10  percent  C«stili6fon  temperature.  Altitude  ignition  was 
found  to  occur  at  or  above  NATQPS  ceiimg  tor  an  of  the  test  fuels,  except  for  F-76.  The  flame  propagation  between  burner  cans 
was  Determined  to  be  tho  lighting  criteria  limiting  altitude  ai'start  capability.  The  flam®  propagation  limit  shows  a  similar  fuel  effect 
trend  and  a  dependence  on  combustor  conditions  (i.e..  inlet  air  temperature). 

L.  Cuiu  uay  yiuuriu  atari  may  become  OiifiCuit  w...i  viscous,  tow  volatility  fu9ls- 

c.  The  tumor  combustion  efficiency,  gaseous  emissions  and  pattern  factor  for  the  TF30  low  smoke  combustor  were  slightly  affected 
by  fuel  property  variation  through  changes  In  fuel  viscosity  and  volatility. 

d.  Exhaust  smoke  was  found  to  be  strongly  influenced  by  the  hydrogen  content  in  the  fuel.  Smoke  was  also  seen  to  be  influenced  by 
relative  fuel  droplet  size  through  fuel  viscosity  and  fuel  temperature  changes. 

e.  Increased  flame  redialton  with  the  decreased  fuel  hydrogen  content  reduced  the  projocted  tow  cycle  fatigue  life  of  the  combustor 
liner.  Relative  to  the  jp-5  baseline.  Surttech  A  fuel,  which  had  the  lowest  Hydrogen  content  (i.e.  1.6  percent  less  hydrogen), 
reduced  the  TF30  liner  life  by  20  percent. 


f.  The  durability  ol  the  afterburner  component*  (i  e.,  fiameholdy.',  iir-er  and  exhaust  nozzle)  were  only  slightly  influenced  :>y  venation 
in  fuel  properties. 

0  Relative  to  JP--5  the  afterburner  combustion  efficiency  with  alternative  fuels  was  lounj  to  vb'v  with  10  percent  and  90  percent  luel 
recovery  tompcivturos  and  fuel  ©ir  raf'O.  The  revised  correlation  predicts  a  small  efficiency  loss  with  less  volatile  fuel- 

h  ignition  of  the  afterburner  at  high  ©!t<tudos  with  the  hot  squirt  system  was  1Q0  percent  reliable  to  15.240  rn  attitude  with  an  of  the 
fuels  tested 

*•  Comparison*  with  tho  ATP  predictions  indicate  ma  previous  enalysos  and  rig  rOSuits  can  be  used  to  projoct  >'uOi  effect  trends 
however  Ihe  actual  levels  may  be  different  due  to  limitations  ol  rig  testing. 
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Figure  1  TF30-P-414/P-414A  Afterburning  Turbofan  Engine 
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figure  2-  Weibull  Estimation  Of  mjUl 


figuio  3  Combustor  Pattern  Factor  Venation  wall  Rutoi 
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Figj'Q  A.  Tl 30  Pattern  Factor  Correlation 
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Figure  Avoiago  Radiat  lomporature  Profile  Variation 
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Figure  6. 


Combustor  Liner  Temperature  Variation 


Figure  7.  Combustor  Liner  Severity  Parameter  Correlation 
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Figure  9.  TF3Q  Altitude  Airstart  Comparison 
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Figure  i0.  Effect  of  Fuel  Properties  or.  TF30  Altitude  ignition 


Figure  1 1 .  Effect  of  Vaporization  lna6x  on  Ground  Start  Fuel 
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Figure  13.  Variation  in  Smoke  Number  With  Engine  Power 
Setting 
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Figure  14.  Vacation  in  Smoko  Number  With  Fuel  Hydrogen 
Content 


Figure  15.  TF30  Smoke  Correlation  For  Improved 
Durebiiity/Low  Smoko  Combustor 
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Figure  17.  Engine  Typical  Deceleration  Transient 
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Figure  18.  TF30-P-414A  Afterburner 


Figure  19.  Afterburner  Comhust>on  Efficiency  Variation 
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FiQufB  24.  Afterburner  Liner  Temperature  Correlation 


Figure  25.  Afterburner  Liner  Relative  Life  Correlation 
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Figure  26.  Afterburner  Exhaunt  Nozzle  Temperature 
Variation 


Figure  27.  Exhaust  Nozzle  Temperature  Correlation 
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DISCUSSION 


G.Gricnche,  FR 

How  can  you  explain  l hal  the  maximum  smoke  number  doesn't  appear  at  the  maximum  power? 

Author’s  Reply 

The  variation  in  smoke  number  with  power  setting  for  the  TF30  engine  is  a  unique  characteristic  of  that  engine.  The 
measure  relationship  for  the  two  variables  constitutes  a  “fingerprint"  for  this  particular  engine.  Uadi  engine  has  its  own 
‘’fingerprint”  which  is  a  function  of  variables  such  as  fuel  injection  characteristics;  combustor  geometry;  combustor  inlet 
air  flowrate,  temperature  and  pressure;  and,  of  course,  the  fuel  being  usi  1.  No  attempt  has  been  made  to  determine  the 
interaction  of  these  variables  to  produce  a  unique  '‘fingerprint".  Instead,  the  smoke  number-power  profile  was  acquired 
using  the  fuel  of  choice  for  US  Navy  engines,  viz.  JP-5  The  measured  deviation  from  this  baseline  characteristic,  when 
other  fuels  were  burned,  served  to  indicate  their  impact  on  smoke  production  in  the  TF3()  engine. 

A.Winterfeld,  GU 

If  we  agree  that  the  physical  properties  of  the  fuels  are  uic  main  source  of  problems  in  the  main  combustor,  it  would  be 
interesting  to  know  whether  there  has  uiso  been  carbon  deposition  at  the  combustor  walls. 

Author's  Reply 

After  94  hours  of  operation  at  sea-level  conditions  during  which  six  test  fuels  were  burned,  an  inspection  of  the  fuel 
nozzles  and  burner  cans  was  made.  No  unusual  carbon  deposits  were  seen  as  a  result  of  using  four  poor  quality  fuels. 
Again,  after  approximately  131  hours  of  operation  at  simulated  altitude  conditions  there  was  no  excessive  carbon 
foima'.ion  on  the  burner  liners,  with  one  exception.  There  was  a  carbon  clinker  at  the  ignitor  s wirier  location  in  one  can. 
Because  the  total  amount  of  engine  operating  time  was  relatively  small,  however,  it  is  not  inconceivable  that  carbon 
deposits  observed  were  likewise  small.  There  is  great  concern  that  carbon  deposition  both  on  liners  and  within,  and  on, 
fuel  injector?-  will  increase  noticeably  if  poor  quality  fuels  arc  used  in  today’s  aircraft  gas  turbine  engines  for  extended 
periods  ot  time.  This  concern  must  be  addressed  in  the  design  and  development  of  new  and  upgraded  combustion 
systems. 

J.Odgers,  CA 

What  was  maximum  combustion  efficiency  for  the  afterburner? 

Author's  Reply 

The  afterburner  maximum  combustor  efficiency,  on  the  slide  that  was  displayed,  was  approximately  96  percent  when  all 
five  zones  were  engaged.  The  operating  condition  that  was  simulated  in  this  case  was  Much  No.  0-8/40,000  ft 
(12,192  m). 

J.Odgers,  CA 

This  fits  with  our  observation  that  ’chemical'  effects  are  small  (approx.  3%)  whereas  ’physical’  effects  are  much  more 
significant. 

G.Bayle-Laboure,  FK 

How  do  you  measure  smeke  in  reheat  conditions? 

Author's  Reply 

During  engine  operation  under  reheat  conditions,  cooled,  multiple-point  entry,  traversing  probes  were  used  to  acquire  a 
portion  of  the  exhaust  gas  in  a  continuous  maimer. 

Exhaust  gas  was  treated  in  compliance  with  SAU  Aerospace  Recommended  Practice  No.  1 1 79A  (1980)  to  obtain  the 
actual  smoke  number. 
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abstract 


In  this  paper  the  effects  of  alternative  fuels  on  the  combustion  characteristics  of  a  liquid  fuel  spray  are  examined.  Fuel  properties 
arc  systematically  varied  and  the  effects  of  these  variations  on  the  structure  (drop  histories,  temperarurcs  and  species  concentrations)  of 
the  spray  flame  are  calculated.  In  addition,  a  comparison  is  made  of  the  differences  in  two  spray  flames  fueled  by  the  srandaid  NATO  F  - 
40  fuel  and  a  proposed  alternative  fuel,  the  AGARD  Research  Fuel.  The  calculations  are  performed  using  a  reacting,  two  phase,  two 
dimensional  flow  code  which  utilizes  a  Lagrangian  calculation  of  droplet  trajectories  and  an  Eulerian  approach  (with  the  k  -  e  turbulence 
model)  for  the  gas  phase  flowfield.  Interactions  between  the  drops  and  the  gas  phase  arc  accomplished  through  the  pat liclc-soincc-in- cell 
technique  with  exchange  of  mass,  momentum  and  energy  between  the  two  phases,  A  global  reaction  scheme  is  used  with  the  reaction 
rate  determined  by  the  minimum  of  cither  an  Arrhenius  rate  or  mixing  rate. 

Fuel  property  changes  which  affec;  drople:  size  and  volatility  arc  shown  to  have  significant  effects  on  droplet  trajectory  patterns. 
However,  for  the  flowfield  examined  in  this  paper  (where  the  fuel  spray  core  i«  very  rich  and  the  mixing  of  air  with  the  fuel  occurs  at  a 
relatively  slow  rate)  these  trajectory  changes  only  moderately  modify  the  fuel  vaporization  pattern  within  the  spray.  In  addition,  the 
majority  of  the  fuel  is  vaporized  in  an  extremely  fuel  rich  environment  so  that  the  energy  release  throughout  most  of  the  flowfield  is 
controlled  by  the  gas  phase  phenomena  of  mixing  and  chemical  kinetics.  The  exception  to  this  is  the  location  of  die  ignition  point  which 
is  shown  to  move  downstream  with  reduced  evaporation  rates  associated  with  higher  fuel  boiling  points.  Increasing  the  width  of  the  inlet 
droplet  size  distribution  significantly  increases  the  length  of  the  droplet  trajectories  due  to  the  presence  of  large  drops  in  the  spray  but  it 
docs  not  affect  the  overall  structure  of  the  spray  since  all  the  droplets  still  evaporate  in  highly  fuel  rich  regions.  Turbulent  dispersion  uf 
the  droplets  and  droplet  collisions  are  shown  to  have  little  effect  on  the  spray  flame  for  this  flowfield. 
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mass  transfer  number 
thermal  transfer  number 
drag  coefficient 
turbulence  model  constants 
specific  heat 
droplet  diameter 

Rosin  RammJer  mean  droplet  diameter 

tunnel  diameter 

drag  force 

fuel  mass  fraction 

fuel's  heat  of  combustion 

enthalpy 

stoichiometric  air/fuel  ratio 
kinetic  energy  of  turbulence 
gas  thermal  vvniMuCliviiy 
latent  Iteat  of  vaporization 
eddy  length 
mass 

droplet  mass  flow  rate 
droplet  evaporation  rate 
molecular  weight 
Rosin  Rammler  exponent 
number  of  droplets  in  a  parcel 
pressure 

product  mass  fraction 
Prandtl  number 

fuel  reaction  rate  per  unit  volume 

kinetic  limited  reaction  rate 

mixing  limited  reaction  rate 

radial  coordinate 

Reynolds  number 

source  term 

Sauter  Mean  Diameter 
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boiling  temperature 
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time 

eddy  lifetime 
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transit  time 
total  velocity 

u 
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V 

radial  velocity  component 
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position  vector 
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T 

droplet  relaxation  time 

r 

diffusion  coefficient 

gas  viscosity 

■or 

fuel  viscosity 

£ 

dissipation  rate  of  turbulence 

P 

density 

♦ 

general  flow  variable 

O 

standard  deviation 

fuel  surface  tension 

turbulence  model  constants 

o  v 

number  of  carbon  atoms 

P 

number  of  hydrogen  atoms 

Subscripts 

d 

droplet 

eff 

effective 

f 

fuel 

* 

gas  phase 

i 

mJei 

o 

outlet 

£ 

droplet  surface 

general  variable 

a 

number  of  carbon  atoms 

P 

number  of  hydrogen  atoms 

general  variable 
time  averaged  value 


INTRODUCTION 


Spray  flame  behavior  can  strongly  depend  on  the  fuel  s  physical  properties  such  as  boiling  point,  vapor  pressure,  viscosity  and 
surface  tension  because  of  the  influence  of  these  parameters  on  fuel  evaporation  rate.  This  has  been  demonstrated  frequently  in  the 
literature  from  a  global  point  of  view  as  emissions,  flame  stability  and  efnciency  have  been  shown  to  depend  on  physical  properties  of 
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the  fuel  (1  -  3J.  In  addition,  dcudled  studies  of  spray  flames  have  also  revealed  fuel  property  effects  on  flame  structure  as  spray  flames 
have  been  observed  to  vary  from  gas  diffusion  burning  of  the  fuel  vapor  (when  the  fuel  evaporates  rapidly  resulting  in  a  fuel  rich  vapor 
core)  to  iiidi  ridual  droplet  burning  (when  large,  slowly  evajwrating  droplets  penetrate  beyond  the  central  spray  region  and  progress  into 
the  «ygen  rich  environment  sunoundir.g  the  spray)  [4]. 

These  results  can  be  cause  for  concern  when  alternative  fuels  are  substituted  for  conventional  fuels  because  of  the  potential  for 
changes  in  the,  flame  structure  and,  hence,  changes  in  the  performance  of  the  combustion  device  in  terms  of  global  parameters  such  as 
emissions,  flume  stability,  etc.  Therefore,  ir.  this  paper  the  structure  of  a  spray  flame  is  modeled  as  fuel  properties  arc  varied  through  a 
realistic  ran^e  corresponding  to  the  changes  that  would  be  encountered  in  switching  from  a  relatively  volatile  kerosene  type  fuel  to  a 
heavy  fuel  oil.  In  particular,  droplet  trajectories,  temperature  profiler,  equivalence  ratio  profiles  and  evaporation  rates  are  examined  as 
key  me!  properties  arc  independently  varied. 

MODEL  DESCRIPTION 

In  this  paper  we  consider  a  geometry  similar  to  the  one  used  in  the  experiments  by  Yule  and  Bolado  14]  because  of  our  interest  in 
eventually  comparing  our  computational  work  with  their  experimental  results  on  spray  flame  structure.  As  shown  in  Fig.  1 ,  the 
configuration  consists  of  an  air  blast  atomizer  from  which  fuel  and  an  are  injected  through  a  1  cm  diameter  orifice  at  the  centerline.  A  7. 
5  cm  circular  flame  stabilization  disk  is  located  at  the  atomizer  exit  plane.  The  duct  is  27  cm  in  diameter  and  1.5  meters  long. 


Figure  1 .  Schematic  of  the  combustion  test  rig  of  Yule  and  Bolado  f4]. 

In  the  following  sections  the  model  details  ate  briefly  described.  The  approach  is  fairly  conventional  and  draws  on  our  past  work 
and  the  work  of  others  for  the  various  submodels.  We  do  not  intend  to  ’  break  new  ground”  with  the  model  formulation  but  rather  to  use 
existing  modeling  techniques  to  examine  the  particular  problem  of  alternative  fuel  effects  on  spray  structure. 

Gas  Phase  Model 

In  modeling  the  gas  phase,  we  employ  a  TEACH-Lased  code  |5)  which  solves  axisymmctric,  two-dimensional,  time-averaged 
turbulent  mean  flow  gas  phase  equations.  The  code  uses  a  hybrid  differencing  scheme  and  a  tri  diagonal  matrix  algorithm  equation 
solver  with  relaxation.  The  k-e  model  provides  for  turbulence  closure. 

Eight  conservation  equations  are  solved  simultaneously,  one  each  for  u-  and  v-momenium,  mass,  enthalpy  (h).  turbulent  kinetic 
energy  (k)  and  its  rate  of  dissipation  (e),  fuel  mass  fraction  (r)  and  product  mass  fraction  (p).  The  general  form  of  these  conservation 
equations  is 


where  <►  is  any  one  of  die  eight  general  flow  variables,  is  the  effective  diffusion  coefficient  fer  and  Sq$  ami  S4>  are  the  sources  for  $ 
from  the  droplets  and  gas  phase,  respectively.  Specific  expressions  for  the  eight  flow  variables  are  shown  in  Ta  »lc  1. 

Table  1.  Transport  coefficients  and  source  terms  for  the  variable  $. 
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In  calculating  the  droplet  source  (dims,  we  employ  the  Particlc-Source-In-Cell  16]  method.  When  r  droplet  leaves  a  finite 
difference  cell,  the  mass,  momentum,  and  energy  arc  compared  to  their  values  upon  cute,  ng  that  cell;  the  difference  in  the  entering  and 
exiting  values  become  droplet  source  terms  for  the  Culcrian  gas  phase  equations. 

Combustion  Model 

The  combustion  model  determines  the  fuel  consumption  rate  (Rf)  for  each  finite  difference  cell.  As  Table  1  shows,  this  rate 
produces  a  source  (or  sink)  term  in  the  energy,  fuel  mass  fraction,  and  product  mass  fraction  equations.  The  model  assumes  that  the  fuel 
and  oxygen  combine  irreversibly  in  &  single  global  reaction  given  by 


CH  ♦  (a  +  fuai+3.76N2)  -»  a  CO^  B-H20-(  3.76  (a  + 1)  Nr  (!) 

The  fuel  consumption  rate  is  then  determined  from  the  slower  of  cither  the  mixing  rate  of  the  reactants  or  the  chemical  reaction  rate. 

We  chose  to  use  the  eddy  mixing  model  of  Magnusscn  and  Hjcrtagcr  [7]  because  it  requires  only  the  evaluation  of  mean  fuel  and 
oxidizer  concentrations;  additional  equations  of  concentration  fluctuations  (as  required  by  the  eddy  breakup  model  [8],  for  example)  need 
not  be  solved.  With  this  model  the  fuel  reaction  rate  per  unit  volume,  as  determined  by  the  intermixing  of  the  fuel  and  oxygen  eddies,  can 
be  expressed  using  the  mean  mass  fractions  of  the  species  In  regions  in  which  the  rime  mean  fuel  mass  fraction  is  very  low,  the 
dissipation  of  the  fuel  eddies  limits  the  combustion  rate.  Similarly,  the  dissipation  of  the  oxygen  eddies  limits  Rf  in  regions  where  the 
mass  fraction  of  fuel  is  high  and  the  oxygen  mass  fraction  is  low.  Consequently,  the  mixing  limited  fuel  reaction  rate  per  unit  volume 
(kg/s/tn^)  is  given  by 


(3) 


where  eA  has  units  of  sec'*,  i  is  the  stoichiometric  air/fuel  ratio,  Ai  is  an  empirical  consiant  set  equal  to  4,  p  is  tire  mass  weighted  gas 
density  (kg/nP)  of  the  fuel  vapor,  products,  and  air,  and  f  and  a  are  the  fuel  and  air  mass  fractions,  respectively. 

The  fuel  consumption  rate  may  also  be  controlled  by  chemical  kinetics  when  the  fuel  and  oxidizer  mixing  is  rapid.  An  Arrhenius 
expression  taken  from  [9]  provides  the  chemical  limited  fuel  reaction  rate  (kg/m^/s)  which  is  given  by 

RWl  =  1.73x106MW^  f°WaUp175eip(-15U3/T  )  (4) 

where  Tg  is  the  gas  temperature  in  K,  MWf  is  the  molecular  weight  of  the  fuel  (kg/kmnlc),  and  p,  a  and  f  arc  the  same  as  in  Eq  (3). 
Using  equations  (3)  and  (4),  the  fuel  reaction  rate  is  then  determined  from 


R.  =  mr(  Rf  ,  R..  ). 
f  v  fan  x  fja  n  * 


(5) 


Droplet  Model 

The  spray  is  followed  by  employing  a  discrete  droplet  model  which  represents  the  spray  by  a  statistically  meaningful  number  of 
individual  droplets.  Each  of  the  computational  droplets  represents  a  parcel  of  droplets  all  having  the  same  velocity,  temperature, 
position,  and  size.  A  droplet  s  velocity  is  calculated  hy  integrating  Newton  s  second  law 


where  Fjj  is  the  drag  foice  on  the  ihoplet  given  by 


pd  *  fcDP,'vVtyl,i>D2. 


(« 


pi 


The  drag  coefficient,  Cd.  is  a  function  of  the  Reynolds  number  based  on  the  relative  drop  velocity  and  the  drop  diameter  Tne  specific 
values  used  arc  gren  by  Dickersor  and  Schuman  [10J.  Once  a  new  droplet  velocity  is  found,  the  new  droplet  position  is  determined 
from  integrating 


(8) 


As  developed  by  (josman  and  Ioannidcs  Ill]  and  discussed  by  Faeth  [12],  the  turbulence  effects  on  droplet  motion  are  simulated 
stochastically  by  superimposing  upon  tbc  gas  field  turbulent  cuuica.  cm.ii  huving  a  length,  Lifetime,  and  u-  and  v-veiocity  fluctuations. 
As  determined  by  the  dissipation  scale  in  the  k-e  model,  the  length  of  each  eddy  is 


with  its  lifetime  given  by 


cW 


m 


(10) 
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TTic  droplet  interact,  with  an  eddy  for  a  time  taken  to  be  the  smaller  of  either  u 
the  eddy.  Following  Brown  and  Hutchinson  1 1 3J,  the  transit  time  is  determined 
and  is  given  as 


or  the  transit  time,  tt.  required  for  the  droplet  to  traverse 
from  a  linearized  form  of  the  droplet  equation  of  motion 


-xUi(l 


r*  •* 


(11) 


where  t  is  die  droplet  relaxation  time  defined  as 


p.Cp'yV 


(12) 


When  L,  >  T  |ug  -  tyl,  equation  (11)  has  no  solution  and  the  droplet  is  assumed  to  have  been  captured  by  the  eddy. 

.  vcl°cill>'  ^tictuations  associated  with  each  eddy,  random  numbers  arr  generated  by  b  Gaussian  probability  density 

function  (PDF)  centered  about  zero  with  a  standard  deviation  of  one.  A  fluctuating  velocity  component  is  then  set  equal  to  the  product  of 
the  PDF  random  number  and  the  actual  standard  deviation  given  by 


=  (->w 
1  3 


(13) 


whci?^  is  tewpPdfad  va^uc  at  current  position.  The  u-  and  v- velocity  fluctuation  calculations  for  a  particular  eddy  use 

two  different  PDF  random  numbers.  r  J 

The  droplet  evaporation  rate  is  given  by 

^*^8  vi  V3 

mc«p  *  — ^0  +  0.276  Re~PrgM)ln(l+BM)  (14) 

which  is  the  d2  law  expression  with  Frosslings  [  1 4)  correct™  for  forced  convection.  Rej  is  the  Reynolds  number  based  on  the  relative 
velocity  between  the  droplet  and  the  gas.  The  gas  thermal  conductivity.  k„,  and  specific  heat,  Q,  are  found  by  mass  weighting  the  air 
and  fuel  vapor  values.  The  values  for  these  two  quantities  are  highly  dependent  on  the  temperatuK:  and  fuel  vapor  mass  fraction  at  which 
they  aro  evaluated.  Chin  and  Lefebvrc  1 15]  recommended  using  Sparrow's  "1/3  rule"  i  1 6]  which  employs  a  reference  temperature  equal 
to  the  droplet  surface  temperature  plus  1/3  of  the  difference  between  the  surrounding  gas  and  droplet  surface  temperature.  A  reference 
value  for  the  fuel  vapor  mass  fraction  is  found  similarly.  The  droplet  temperature,  which  is  assumed  to  be  spatially  constant  within  the 
droplet,  is  found  by  integrating  the  following  *  J 


dt 


B-j-  and  Bm  are  the  thermal  and  mass  transfer  numbers,  respectively,  given  as 


and 


% 


If, 


05) 


06) 


02) 


Note  that  in  order  to  determine  fs,  the  mass  fraction  of  fuel  at  the  surface,  relations  of  vapor  pressure  as 
developed  for  the  fuels  of  interest  from  data  presented  in  [  17J.  Also  a  single  boiling  point  is  used  which 
the  droplet  do  not  change  as  evaporation  occurs.  Thus  distillation  curve  effects  have  been  neglected 
Finally,  the  droplet  diameter  can  be  found  by  integrating 


a  t  unction  of  temperature  were 
implies  that  the  constituents  in 
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(18) 


Coanpufational  Mesh  and  Boundary  Conditions 

The  geometry  under  consideration  has  already  been  described  and  is  shown  in  Fig.  1 .  The  finite  difference  mesh  starts  at  the 
atomirer  exit  plane  and  extends  1.5  m  axially  with  32  cells  and  13.5  cm  radially  with  35  cells.  The  axial  dimensions  of  the  cells  were 
untforen  (1.7  cm)  up  to  1.5  tunnel  diameters  downstream  at  which  point  they  continually  expanded  in  the  axial  direction.  In  the  indial 
direction,  5  cells  were  placed  in  the  center  jet  and  then  the  radial  dimensions  or  the  cells  were  uniform  (0.4  cm)  up  to  0  33  tunnel 
Ciametersat  which  point  they  expanded  in  the  radial  direction.  (The  results  are  considered  to  be  independent  of  the  grid  configuration 
since  similar  results  were  obtained  witn  other  grid  configurations  with  reduced  resolution.) 

At  the  tunnel  *  wall,  a  no-slip  condition  is  imposed  which  requires  that  the  turbulent  kinetic  energy  and  the  u-  and  v-velocites  be 
set  to  zero.  Hie  wail  temperatures  are  approximated  from  measurements  presented  by  Yule  and  Bolado  K|.  Along  the  tunnel's 
centerline,  the  radial  gradients  of  all  variables  are  zero.  For  the  secondary  air  flow  between  the  stabilization  disk  and  the  wall  the  inlet 
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u-  and  v  velocity  arc  2.  m/s  and  0  m/s,  respectively,  and  die  inlet  k  and  c  arc  determined  by  assuming  a  turbulence  intensity  of  1 .5  percent 
and  *  turbulence  length  scale  cquul  to  3  percent  of  the  tunnel  s  diameter  The  u  and  v  velocity  ot  the  primary  air  flow  from  the  atomi-  er 
arc  21.4  m/s  and  0.374  ni/s,  respectively.  Tliis  provides  a  trajectory  half  angle  of  1°.  For  this  primary  flow  region,  k  and  r  are 
determined  as  stated  above  except  that  the  turbulence  length  scale  is  set  equal  to  3  parent  of  the  orifice  diameter.  Between  the  radial 
distances  of  0.5  cm  and  3.75  cm,  the  stabilization  disk  is  modeled  with  a  no  slip  wall  condition.  The  temperature  of  the  primary  and 
secondary  air  flow  as  well  as  the  stabilization  disk  wall  are  set  to  383  K.  Finally,  at  the  computational  outlet,  a  fully  dcveloj»ed  prolilc  is 
Assunsed  by  imposing  a  zero  v-vcloeily  along  with  a  zero  axial  derivative  for  the  remaining  variables. 


Droplet  Initial  Conditions 


A  Rosi„  Rammlcr  (RR)  distribution  is  assumed  for  the  inlet  droplet  sizes  so  that 

volume  %  of  droplets  larger  than  diameter  D  =»  100  exp  I  -  (19) 

For  a  given  RR  distribution,  the  spray  is  divided  into  20  size  classes  with  each  class  representing  5  %  of  the  fuel  on  a  mass  basis 
Twenty  droplet  parcels  for  each  size  class  are  freed  into  die  flowfleld.  (The  results  art  considered  independent  of  the  number  of  droplet 
parcels  since  50  parcels  for  each  size  class  were  injected  for  one  test  run  with  no  noticeable  difference  in  the  results  between  the  50  and 
20  parcel  runs.)  The  total  fuel  flow  rate  is  constant  at  3.14  x  10 kg/s  which  gives  an  overall  equivalence  ratio  is  0.29  and  an 
equivalence  ratio  for  the  inner  jet  of  18.8. 

Each  droplet  parcel  has  die  same  initial  temperature  of  383  K.  The  initial  u-  and  v-velocity  for  each  droplet  parcel  is  arbitrarily 
chosen  from  a  Gaussian  distribution  with  a  mean  diop  velocity  equal  to  that  of  the  ccmei  jet  air  velocity  given  above  and  a  standaid 
deviation  given  by  Eq.  (13).  As  a  result,  every  droplet  parcel  for  all  of  the  sets  will  have  different  u-  and  v-  initial  velocities  though  the 
velocity  distribution  used  is  the  same  for  each  parcel. 

After  injecting  droplets  into  the  gas  phase,  the  droplet  source  terms  of  mass,  momentum,  and  energy  are  used  to  obtain  a  new 
converged  gas  phase  solution.  Droplets  are  then  injected  into  this  new  gas  phase  solution,  thus  producing  new  source  terms  and  a 
subsequent  new  gas  phase  solution.  Tliis  iterative  procedure  is  repeated  until  the  results  converge. 


FUEL  PROPERTIES  AND  TEST  CASES 


As  discussed  in  the  introduction,  the  purpose  of  thir  paper  is  to  consider  the  effect  of  potential  alternative  fuels  on  spray  flame 
structure.  With  this  goal  in  mind,  fuel  properties  were  selected  to  range  from  those  for  a  conventional  fuel  (NATO  F-40),  to  a  likely 
alternative  furl  (AGARD  Research  Fuel)  and  to  a  heavy  fuel  oil.  Some  key  fuel  properties  for  these  fuels  are  shown  in  Table  2  Note 
that  the  SMD  values  were  determined  by  arbitrarily  choosing  40  pm  for  the  NATO  fuel  and  then  calculating  the  SMD  for  the  other  two 
fuels  by  using  the  following  empirical  equation  from  Lefebvre  [  18]  for  pressure  swiff  atomizers- 
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Within  the  fuel  property  constraints  of  Table  2,  specific  :est  cases  were  designed  to  determine  the  effect  of  three  key  variables  on 
the  spray  flame  structure.  These  variables  were  the  mean  drop  size,  the  drop  size  distribution  width  and  the  fuel  volatility;  their  values 
for  all  the  cases  are  indicated  in  Table  3.  The  base  case  corresponds  to  the  NATO  F-40  fuel.  Cases  2  and  3  isolate  the  effects  of  the 
mean  drop  size  changes  for  the  fuels  and  cases  4  and  5  address  the  boiling  point  changes.  Case  8  considers  the  combined  effects  of  all 
the  fuel  properties  in  changing  from  the  N  ATO  F-40  fuel  to  the  AGARD  Research  Fuel.  Finally,  cases  6  and  7  were  included  to  examine 
the  effects  of  the  drop  size  distribution  on  the  spray  with  the  mean  drop  size  held  constant. 


Table  2.  Fuel  properties.  Table  3.  Description  of  computational  cases. 
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RESULTS  AND  DISCUSSION 


Fuel  Property  Effects 

The  general  smicture  of  the  spray  flamer  to  be  discussed  here  are  illustrated  in  Fig.  2  which  shows  droplet  trajectories,  isotherms 
and  gas  phase  equivalence  redo  profiles  for  the  base  case.  The  mixture  igniter  rapidly  (within  0. 1  diameters  downstream  of  the  injector) 
as  shown  by  the  high  temperatures  near  the  injection  point  and  the  rexedor  regie.-  spreads  as  u*C  ruiAiurc  proceeds  downstream.  The 
droplet  trajectories  show  the  dispersion  of  the  doplets  due  both  to  the  random  nature  of  tneir  inlet  velocities  nnd  the  influence  of  the 
turbulent  velocity  fluctuations.  Note  that  all  the  droplets  evaporate  within  2  diameters  downstream  in  an  extremely  fuel  rich  environment 
Thus,  the  flame  structure  is  similar  to  a  gaseous  jet  diffusion  flame  in  that  the  mixing  of  the  fuel  and  oxidizer  is  limited  by  the  gas  phase 
beha  vior  rather  than  the  droplet  evaporation  rates.  We  now  'wish  to  examine  the  spray  flame  structure  as  the  fuel  spray  properties  are 
changed  as  discussed  in  the  previous  section. 

The  effects  of  the  increase  of  the  mean  drop  size  (due  to  increased  viscosity  and  surface  tension  of  the  fuels)  on  the  spray  flame 
are  indicated  in  Figs.  3  5.  Fig.  3  illustrates  the  change  in  droplet  trajectories  as  the  mean  drop  size  is  changed.  As  expected,  the 
increase  in  droplet  Lifetime  for  the  larger  drops  of  cases  2  and  3  can  be  seen  from  the  longer  trajectories  for  those  cases.  However,  even 
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Figure  4.  The  effect  of  initial  drop  site  on  equivalence  ratio  piofilrv 
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Figure  5.  The  effect  of  initial  drop  site  on  temperature  profiler 
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though  the  trajectories  of  ease  3  ax  nearly  twice  as  long  as  those  of  case  1.  this  docs  noi  drastically  change  either  the  temperature  or 
eauivaJcncc  ratio  profiles  as  shown  in  Figs.  4  and  5.  The  ignition  point  does  move  slightly  downstream  foe  cases  2  and  3  and  the 
temperature  is  somewhat  cooler  at  the  centerline  for  ease  ) .  Both  of  these  effect:  ire  due  io  the  reduced  evaporation  rate  for  the  lnrgcr 
droplets  but,  in  general,  the  flame  structure  is  still  very  similar  for  all  three  cases  Again  this  indicates  that  droplet  evaporation  is  rapid 
enough  so  that  the  energy  release  is  limited  by  gas  phase  phenomena  rather  than  droplet  effects  even  for  the  laigest  d«jp  sizes  This  is 
further  illustrated  in  Fig  6  where  the  cumulative  percent  of  mass  evaporated  is  plotted  versus  axial  distance  for  eases  1,  2  and  3.  The 
similarities  of  these  curves,  where  in  all  three  cases  over  70  %  of  the  fuel  is  evaporated  by  one  diameter  downstream,  indicates  that  the 
large  differences  in  the  droplet  trajectory  curves  can  be  somewhat  misleading. 

The  effects  of  the  variation  of  boiling  point  on  the  spray  flame  are  shown  in  Figs.  7  -  9.  The  droplet  trajectories  arc  very  similar 
with  only  a  slight  increase  as  the  boiling  point  increases  by  200  K.  As  indicated  in  Fig.  8,  the  equivalence  ratio  profiles  beyond  one 
diameter  downstream  arc  similar  but  within  0.5  diameters  downstream  of  the  injector  the  region  near  the  centerline  is  much  leaner  for 
case  5  as  compared  to  ease  1  due  to  the  slower  evaporation  rate  of  ease  5.  This  difference  is  also  evident  in  Fig.  9  where  the  ignition 
point  moves  downstream  for  the  higher  boiling  point  but  the  downstream  temperatures  for  the  three  cases  arc  similar  (somewhat  cooler  at 
the  centerline  for  ease  1  as  previously  mentioned).  Although  the  initial  region  where  the  temperature  and  equivalence  raiios  vary 
significantly  from  case  1  to  case  5  is  small,  it  becomes  more  important  when  one  considers  Fig.  10.  Note,  for  example,  that  for  case  5 


1 


<u 

> 

-m 


g 


=3 


CJ 


100 
80 
60 
40 
20 
0 

0  12  3  4 

x4)r 

Figure  6.  The  effect  of  initial  drop  size  on  percent  of  fuel  evaporated. 
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Figunc  7.  The  effect  of  boiling  point  on  droplet  trajectories. 
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Figure  10.  The  effect  of  boiling  point  on  percent  of  fuel  evaporated. 


nearly  40  %  of  the  fuel  is  evaporated  prior  to  0.5  diameters  downsbearo.  Thus,  a  significant  fraction  of  the  evaporation  occurs  in  a  fuel 
lean,  rathe  than  rich,  gas  phase  environment. 

The  combined  effects  of  boiling  point,  drop  size  and  other  fuel  propeny  variations  are  shown  in  Fig^.  ]  1  •  1 3  for  a  comparison  of 
the  AGARD  Research  Fee',  and  the  NATO  F  -  40  fuel.  These  figures  show  trends  similar  to  those  alrea'* » discussed  where  the  larger 
drop  size  results  in.  longer  droplet  trajectories  for  the  AGARD  Research  Fuel.  In  addition,  the  higher  boiling  point  delays  evaporation 
rate  so  that  the  ignition  point  is  further  downstream  and  the  initial  phases  of  evaporation  occur  under  much  leaner  conditions  for  the 
AGARD  Research  Fuel. 


Additional  Considerations 

In  addition  to  considering  the  effect  of  fuel  property  variations  on  U  c  spray  flame  structure,  some  additional  cases  were  examined 
to  investigate  the  effects  of  drop  size  distribution  width  (cases  6  and  7  in  Table  3),  the  effects  of  the  turbulent  eddies  and  the  effects  of 
droplet  collisions  on  the  results. 

Figures  14  and  15  show  ihe  effects  of  drop  s.ze  distribution  on  the  spray  flame.  First,  note  that  for  the  monodisperse  case  the 
droplet  trajectories  are  extreme!}  tort  in  comparison  to  the  other  two  cases.  This  is  due  to  the  fact  that  there  are  no  large  droplets  present 
in  the  monodisperse  case  to  ext  1  the  droplet  trajectories.  Figure  15  indicates  that  similar  amounts  of  fuel  r  x  evaporated  in  the  initial 
regions  of  the  flowfield  so  that  ti.  temperature  and  equaivalence  ratio  profiles  (not  shown  here  due  to  space  limitations)  in  the  upstream 
region  are  virtually  identical.  One  might  expect  that  the  monooisperse  case  would  have  limited  evaporation  in  the  initial  region  of  the 
flow  because  of  the  lack  of  small  droplets.  However,  this  is  evidently  compensated  by  the  lack  large  droplets  which  would  otherwise 
carry  significant  fractions  of  the  fuel  downstream.  In  the  downstream  region,  the  drops  in  all  three  cases  are  evaporating  (or  have 
evaporated)  in  a  very  fuel  rich  region  so  that  the  gas  phase  phenomena  an*,  again  controlling  and  the  temperature  (and  equivalence  ratio) 
profiles  arc  similar  for  all  three  cases. 
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Figure  14.  The  effect  of  drop  viz£  distribution  on  droplet  trajectories. 
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Finally,  Figs.  16  and  17  arc  included  to  show  the  effects  of  the  turbulent  eddies  and  droplet  collisions,  respectively.  In  Fig.  16 
the  turbulent  eddies  fine  shown  to  promote  the  spreading  of  the  liquid  droplets.  However  they  do  not  have  a  significant  effect  for  this 
flowfield  on  the  overall  evaporation  rate  of  the  spray  so  that  the  flame  structures  in  terms  of  temperature  and  equivalence  ratio  profiles 

(llO'"  ShOWPij  aiv  VUtutuly  iuCriuvul. 

The  effects  of  doplet  collisions  were  briefly  examined  with  the  model  developed  by  Bracco  and  O’Rourke  (IV)  and  as  used  by 
Asheim  et  al.  [20].  This  model  employs  a  Poisson  probability  distribution  in  dctcrrr\ir,jng  whether  two  or  more  droplets  have  collided 
with  the  result  of  a  collision  being  coalescence  or  breakup.  Because  of  the  small  number  density  (approximately  20,000  per  cm*)  of  the 
droplets  leaving  the  injector  only  a  small  percentage  (5  to  10  %)  of  the  droplets  collide.  Over  90%  of  the  collision?  involve  one  drop  with 
a  diameter  less  than  40  nm  and  one  drop  with  a  diameter  greater  than  100  Jim  and  95%  cf  these  collisions  result  in  coalescence.  For 
these  large  size  differences,  most  of  the  fuel  mass  is  contained  in  the  large  drop  and  the  combined  drop  diameter  is  only  p  few  percent 
larger  than  the  original  large  drop.  Therefore,  these  infrequent  collisions  do  not  radically  alter  the  drop  size  distribution.  Consequently, 
Fig.  17  shows  little  change  in  the  droplet  trajectories  with  only  a  few  increased  trajectory  lengths  due  to  the  collision  effects.  This  small 
change  i  i  trajectories  resulted  in  no  differences  in  the  temperature  cr  equivalence  ratio  profiles  of  tl«  two  flames. 
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Figure  16  Comparison  of  stoclustic  and  deterministic  droplet  trajectories. 


Figure  17.  The  effect  of  droplet  collisions  on  droplet  trajectories. 


CONCLUSIONS 

In  general,  fuel  property  changes  which  influence  drop  size  and  volatility  were  shown  to  have  significant  effects  on  ihc  droplet 
trajectory  patterns.  However,  for  the  flowfield  examined  in  this  paper  these  trajectory  changes  only  moderately  modified  the  fuel 
vaporization  pattern  within  the  spray.  In  addition,  the  majority  of  the  fuel  was  always  vaporized  in  an  extremely  fuel  rich  environment  so 
that  the  energy  release  was  (throughout  most  of  the  flowfield)  controlled  by  the  gas  phase  phenomena  of  mixing  and  chemical  kinetics. 
Tne  exception  to  this  was  die  location  of  the  ignition  point  which  was  shown  to  move  downstream  with  reduced  evaporation  rates 
associated  with  higher  fuel  boiling  points. 

Other  parameters  investigated  included  size  distribution  effects,  turbulent  eddy  effects  and  droplet  collisions.  Increasing  live 
width  of  the  inlet  droplet  size  distribution  significantly  increased  ti*c  droplet  trajectories  due  to  the  presence  of  large  drops  in  the  spray  but 
rijd  not  affect  the  overall  structure  of  the  spray  since  aii  the  dropicts  stili  evaporated  in  highly  fuel  rich  regions.  Turbulent  dispcnion  ol 
the  droplets  and  droplet  collisions  were  shown  to  have  little  effect  on  the  spray  flame. 

The  conclusions  noted  above  and  the  results  reported  in  the  paper  should  be  remembered  to  be  limited  to  the  particular  spray 
flame  considered,  one  in  which  the  fuel  spray  core  is  very  rich  v  h  relatively  slow  mixing  of  the  air  with  the  fuel.  In  other  situations, 
with  relatively  lean  spray  interiors  and  rapid  intermixing  of  air,  ch^.ges  in  droplet  trajectories  could  have  ft  more  pronounced  influe,**  on 
the  flame  structure  with  the  possibility  of  transition  from  gaseous  diffusion  flame  behavior  to  some  individual  droplet  burning.  Along 
these  lines,  further  work,  could  address  the  effect  of  varying  the  same  fuel  properties  in  a  different  flowfield  with  leaner  interior  spray 
conditions  plus  a  more  derailed  look  at  the  effects  of  other  important  variables  such  as  boiling  point  distributions  of  the  fuels. 
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DISCUSSION 


B.NoSI,  Gif 

Which  convergence  criterion  did  you  use  to  stop  the  iterative  procedure  which  accounts  for  dropiet/gas  phase 
interaction? 

Author’s  Reply 

We  iterated  between  the  liquid  and  gas  phases  until  the  results  changed  by  less  than  one  perceni  for  all  variables.  In  many 
eases,  most  of  the  variables  were  converged  to  within  a  much  smaller  tolerance  than  one  percent. 


A.M.Mdlur,  US 

Why  is  there  so  little  calculated  effect  of  turbulent  dispersion'/  Were  gas-phase  radial  turbulent  intensities  reported  for  the 
experiment?  If  not,  what  values  were  assumed  for  the  calculations  shown? 

Author’s  Reply 

The  effect  of  turbulent  dispersion  is  small  because  even  with  dispersion  of  the  droplets,  they  all  evaporate  in  a  fuel  rich 
core  so  that  the  gas  phase  phenomena  still  control  most  of  the  spray  flame  structure. 

No  radial  turbulent  intensities  were  reported  in  the  original  experimental  work  so  we  assumed  a  turbulence  intensity  of 
1 .5%  as  noted  in  the  paper. 


A.Willlams,  UK 

The  properties  attributed  to  th~  heavy  fuel  oil  do  not  allow  for  the  presence  of  high  boiling  point  components  which  arc 
present  in  real  heavy  fuel  oils,  therefore  the  computed  burning  rates  will  be  faster  than  the  real  case.  1  las  any  comparison 
been  made  with  experimental  results  to  check  the  accuracy  of  the  prediction? 

Author's  Reply 

The  results  presented  in  the  paper  are  based  on  the  assumption  of  a  single  boiling  point  for  the  fuel.  The  boiling  point 
temperature  that  was  used  is  the  temperature  for  which  the  vapour  pressure  of  the  fuel  is  one  atmosphere.  If.  in  actuality, 
the  evaporation  process  is  belter  approximated  with  a  distillation  type  of  evaporation  behaviour,  then  the  initial 
evaporation  rate  is  actually  under predicted  by  the  model  and  the  final  evaporation  rate  r  overpredicted. 

We  have  not  yet  compared  our  calculations  with  experimental  results  but  we  plan  to  do  so.  Also  we  plan  to  look  at  the 
effects  of  distillation  curve  behaviour  on  the  results  hy  relaxing  the  assumption  of  a  single  boiling  point  temperature  and 
using  distillation  cut  ve  data. 


A.Lefcbvrc,  US 

To  what  extent  arc  your  results  and  conclusions  influenced  by  your  assumptions  of  a  Rosin-Rammier  drop-size 
distribution  parameter? 

Author  s  Reply 

The  use  of  some  other  appropriate  drop-size  distribution  function  (such  as  an  upper  limit  distribution  function,  for 
example)  would  not  change  our  results  or  conclusions.  This  is  due  to  the  fact  that  for  this  particular  flow  Held  the  structure 
of  the  spray  flame  is  primarily  controlled  by  the  gas  phase  phenomena.  In  other  spray  flame  situations,  where  droplet 
effects  are  more  pronounced,  the  form  of  the  drop-size  might  be  important.  This  could  be  determined  by  comparing 
computed  spray  flame  structures  for  different  assumed  drop  size  distribution  forms 


A.Omwncey,  FR 

A  propos  do  votre  module  stochastique  dc  dispersion  des  gouttclettes,  vous  ulilisez  une  densite  de  probability  gaussienne 
pour  determiner  los  valcurs  des  fluctuations  dc  vitesse  do  recoupment  vues  par  les  gouttclettes.  list-ce  unc  hypothe.se 
fundee  et  valable  lorsquc  les  gouttclettes  sc  trouvent: 

1.  Presde  1’injcctcur? 

2.  Pres  des  par ois? 

Author's  Reply 

We  have  only  worked  with  a  Gaussian  probability  density  function  for  velocity  fluctuation  calculations  and  cannot 
comment  on  the  applicability  of  other  forms  of  PDFs  for  this  part  of  the  model. 


C.Mo.ses,  US 

Do  all  the  droplets  initially  have  the  same  velocity  or  is  there  a  distribution  of  velocities  correlated  to  Ute  sizes? 


I 
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Author’s  Reply 

All  the  droplet  parcels  have  the  same  initial  mean  velocity  but  each  individual  drop  has  its  own  velocity  which  is  the  sum  of 
the  mean  velocity  and  a  fluctuating  component  which  is  randomly  selected  as  discussed  in  the  p  ■;  *t.  We  recognize  that  for 
many  injection  processes  there  ls  a  correlation  between  drop  sizes  and  velocity  (in  many  cases,  large  drops  have  large 
velocities)  but  for  this  particular  injector  we  have  no  such  evidence  and  believe  that  using  the  same  initial  mean  velocity  for 
all  drop-sizes  is  appropriate  for  this  injector. 
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SUMMARY 

The  influence  of  atomisation  quality  on  several  key  aspects  of  combustion  performance  is  reviewed-  The 
performance  parameters  considered  include  combustion  efficiency,  lean  blowout,  and  lean  lightup,  and  also  the  pollutant 
emissions  of  carbon  monoxide,  unburned  hydrocarbons,  oxides  of  nitrogen,  and  smoke.  The  fuel  properties  of 
importance  are  described  and  equations  are  presented  for  estimating  the  effects  of  changes  in  fuel  properties  on  spray 
characteristics  for  the  main  types  of  fuel  nonle  employed  in  aero  gas  turbines,  namely  pb.in  orifice,  p^ssure-swirl,  and 
airbiast  atonuccrs.  The  anticipated  effects  on  atomisation  of  changes  from  conventional  to  alternative  fuels  is 
discussed. 

LIST  OF  SYMBOLS 

Ap  total  inlet  ports  area,  m* 

AFR  air/fuel  mass  ratio 

Dc  Sauter  mean  diameter,  ni 

Dh  hydraulic  mean  diameter  of  air  exit  duct,  ni 

Dp  prefiltner  diameter,  m 

D,  swiri  chamber  diameter,  m 

dQ  discharge  orifice  diameter,  m 

f  fraction  of  total  combustor  airflow 

FN  flow  number  [^/(APi,/'®)5:,  m2 

LCV  lower  calorific  value  of  fuel,  J/kg 

Lc  characteristic  dimension  of  airbiast  atomizer,  m 

L,  length  of  swirl  chamber,  in 

MMD  mass  median  diameter,  m 

m  flow  rate,  kg/s 

P  pressure.  Pa 

APf  injection  pressure  differential  across  nozzle,  Pa 

APl  liner  pressure  drop,  Pa 

Q  volumetric  flow  rate,  m3/s 

qLHO  fuel/air  ratio  at  lean  blowout,  g  fucl/kg  air 

MhLO  fuel/air  ratio  at  lean  lightup.  g  fuel/kg  air 

Rc}-  Reynolds  number  based  on  fuel  properties  (Urpf  d^,//^) 

SMD  Sauter  mean  diameter,  in 

T  temperature,  K 

U  velocity,  m/s 

V  volume,  nrr 

Wef  Weber  number  based  on  fuel  properties  (//pUf’d^/o) 

p  density,  kg/m3 

effective  value  of  evaporation  constant,  m2/s 
p  dynamic  viscosity,  kg/ms 

1/  kinematic  viscosity,  m*/s 

o  aurfaee  tension,  kg/s3 


Subscripts 


A  air 
F  fuel 
L  liquid 

R  air  relative  to  liquid 

c  cuuibuauuu  i due 

p*  primary  tone 
3  combustor  entry  conditions 

INTRODUCTION 

Until  comparatively  recently  an  abundance  of  mid-dintHlatea  from  petroleum  baa  been  made  available  for  jet  fuel. 
Future  demand  for  jet  fuel  is  expected  to  increase  at  a  time  when  there  la  severe  competition  for  the  available  mid- 
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distillates.  The  measures  now  being  taken  to  ensure  future  supplies  of  fuels  for  aero  gas  turbines  iucludc  the 
exploitation  of  alternative  fuel  sources  and  the  acceptance  of  a  broader  specification  for  aviation  fuels.  Compared  to 
present  specification  jet  fuels,  future  jet  fuels  may  exhibit  any  combination  of  the  following  property  changes:  higher 
free  King  point,  higher  aromatic  content,  lower  hydrogen  content,  lower  volatility,  higher  viscosity,  and  poorer  thermal 
stability  (l-3j. 

In  the  late  1070’s  the  USAF,  Army,  Navy  and  NASA,  along  with  engine  manufacturers,  initiated  programs  to 
determine  the  effects  of  anticipated  future  fuels  on  existing  engines  |4  8|.  As  a  result  of  these  studies,  data  became 
available  that  yielded  new  and  useful  insights  into  fuel  property  effects  on  combustion  performance.  The  fuels  employed 
ranged  from  aviation  gasoline  (JP4)  thru  diesel  oil  (DF2)  and  were  chosen  to  achieve  a  range  of  hydrogen  content  from 
14  to  12  percent  by  mass. 

The  rationale  for  the  diesel  fuel  was  to  approximate  the  Experimental  Referee  Broad  Specification  (HUBS)  aviation 
fuel  that  emanated  from  the  iNASA-l.ewis  Workshop  on  Jet  Aircraft  Hydrocarbon  Fuel  Technology  [fij.  The  J  1*4,  JP8 
fuels,  and  their  blends  were  chosen  to  span  systematically  the  possible  fuel  variations  in  key  properties  that  might  be 
dictated  in  the  future  on  grounds  of  availability  and  cost,  and  the  use  of  non-petroleum  sources  for  jet  fuel  production. 

The  experimental  data  acquired  in  these  programs  provided  much  useful  intormation  on  the  influence  of  fuel 
chemistry  on  many  important  aspects  of  combustion  peiformance.  Analysis  of  these  data  [10-34]  also  highlighted  the 
significance  of  fuel  viscosity  and  surface  tension  which  affect  both  the  atomiiation  quality  and  the  cone  angle  of  the  fuel 
spray.  Equations  were  derived  from  which  quantitative  assessments  could  be  made  of  the  impact  of  any  change  in 
atomization  quality  on  combustion  performance  and  pollutaut  emissions.  The  main  results  of  this  analytical  study  are 
summarized  below. 

COMBUSTION  PERFORMANCE 

The  three  main  facets  of  combustion  performance  are  combustion  efficiency,  lean  blowout  li  nits,  and  lean  lightoff 
limits. 


: 
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Combustion  Efficiency 

This  is  expressed  as  the  product  of  the  reaction  rate  efficiency  rjt  and  the  evaporation  rate  efficiency  i.e. 


Vc  =  ’ll  «  V. 

c) 

where 

I?c,  =  1  -  exp 

-0.022P,1  JVtcxp{Tc/400) 

r<mA 

(2) 

and 

Vc,  =  1 

I 

—  exp 

— 36l*3 VcXtff  j 

(3) 

Comparison  of  measured  and  predicted  values  of  combustion  efficiency  for  the  TK33  combustor  are  shown  in  Fig. 

1. 


Lean  Blowout 


An  expression  for  the  fucl/air  ratio  at  lean  blowout  was  derived  as 


<1lbo  5 
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The  first  term  on  the  right-band  side  of  the  foregoing  expression  is  a  function  of  combustor  design.  The  second 
term  represents  the  combustor  operating  conditions.  The  third  term  embodies  the  relevant  fuel-dependent  properties. 
The  value  of  the  constant  A  depends  on  the  geometry  and  mixing  characteristics  of  the  combustion  xone  and  must  be 
arrived  at  experimentally. 

The  correlation  of  lean  blowout  limits  provided  by  Eq.  (4)  for  an  FlOi  combustor,  using  a  value  for  A  of  0.54,  is 
shown  in  Fig.  2. 
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Ignition 

The  minimum  fuel/air  needed  for  ignition  can  also  fce  expressed  in  terms  of  combustor  dimensions,  combustor 
operating  conditions,  fuel  properties,  and  mean  fuel  drop  siie.  An  appropriate  equation  is  the  foilowing: 


%LO  0 


ff-J 


xp(T3/300) 


f  T>J  1 

\,LCV  j 


(5} 


This  equation  is  almost  identical  to  Eq.  (4),  except  for  a  higher  pressure  dependence:  Fj1^  versus  P$13.  The  correlation 
of  data  obtained  with  Eq.  (S)  for  an  F100  combustor  using  a  value  for  B  of  0.70,  i9  illustrated  in  Fig.  3. 
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Combustion  efficiency  (predicted),  % 


Fig.  1  Comparison  of  measured  and  predicted 

values  of  combustion  efficiency  fcr  the  TK 
33  combustor. 


qLl_o  (p»«nc«d),  g/ko 


Fig.  3  Comparison  of  measured  and  predicted 

values  of  lean  lightup  limits  for  the  FlOO 
combustor. 
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Fig-  2  Comparison  of  measured  and  predicted 

Values  of  lean  blowout  limits  for  the  FlOl 
combustion. 


SMC). 


Fig.  4  Influence  of  mean  drop  size  on  NO 

emissions  [l ] . 


Other  examples  that  demonstrate  the  ability  of  Kqs.  (l),  (4)  and  (5)  to  predict  combustion  cniciencies,  lean 
blowout  limits,  and  lean  Ughtoff  limits,  respectively,  for  a  wide  range  of  aircraft  comhuston,  are  contained  *n  references 
II  and  14. 

POLLUTANT  EMISSIONS 

The  pollutant  emissions  of  most  concern  for  the  aircraft  gas  turbine  are  oxides  of  nitrogen  (NO,),  carbon  monoxide 
(CO),  unburned  hydrocarbons  (IIHC),  and  smoke.  Thu  concentration  levels  of  these  pollutants  can  be  related  directly  to 
the  temperature,  time,  and  concentration  histories  of  the  gases  within  the  combustor.  These  histories  vary  from  one 
combustor  to  another  and,  for  any  given  combustor,  with  changes  in  operating  conditions-  The  nature  ol  pollutant 
formation  is  such  that  the  concentrations  of  carbon  monoxide  am.  unburned  hydrocarbons  are  highest  at  low-power 
conditions  and  diminish  with  increase  in  power.  In  contrast,  oxides  of  nitrogen  and  smoke  are  fairly  insignificant  at  low 
power  settings  and  attain  maximum  values  at  the  highest  power  condition.  The  basic  causes  of  these  pollutants,  and 
the  various  methods  employed  to  aiieviate  them  nave  been  fuiiy  discussed  elsewhere  [iS] 

Most  modeling  of  emission  characteristics  has  been  concerned  with  oxides  of  nitrogen,  NOx,  but  efforts  have  also 
been  made  to  predict  the  formation  of  other  pollutant  species.  The  high  cost  and  complexity  of  the  more  sophisticated 
mathematical  models  have  encouraged  the  development  of  oemi-empirical  models  for  predicting  the  effects  on  emissions 
of  variations  in  the  dimensions,  design  features,  and  operating  conditions  of  gas  turbine  combustors  [  16-18]. 
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Oxides  of  Nitrogen 

Lefebvre’s  eemi-empirical  model  for  the  prediction  of  pollutant  emissions  [10],  baaed  on  considerations  of  mixing 
rates,  chemical  reaction  rate3,  and  combustor  residence  time,  leads  to  the  following  expression  for  ISO,. 

*  10  *  P,1  Is  V  exp  (0.01  T„)  „ 

NO, - -  ~ - gAg  (6) 

mA  *  pi 

Equation  (8)  demonstrates  that  the  only  inlluencc  of  fuel  type  on  NO,  formation  is  via  the  two  temperatures  terms 
Tei  and  T.t.  The  former  is  calculated  as 


where  ATp,  is  the  temperature  rise  due  to  combustion  corresponding  to  the  inlet  temperature,  Tj,  and  the  primary-tone 
fucl/air  ratio.  Tlt  is  the  atoiehiomctric  flame  temperature  corresponding  to  the  inlet  temperature,  T3.  Equalion  (6) 
suggests  that  in  the  combustion  of  heterogeneous  fuel  air  mixtures,  it  is  the  stoichiometric  flame  temperature  that 
determines  the  formation  of  NO,.  However,  for  the  residence  time  in  the  combustion  lone,  which  is  also  significant  to 
NO,  formation,  the  appropriate  temperature  terra  is  the  bulk  value,  Tp„  as  indicated  '«u  the  denominator  of  Eq.  (6). 

The  justification  for  the  use  of  stoichiometric  flame  temperature  in  Eq.  (8)  is  that  a  significant  proportion  of  the 
total  combustion  process  occurs  in  the  form  of  envelope  flames  surrounding  the  larger  drops  in  the  spray,  where 
combustion  takes  place  preferentially  At  the  stiochoimetric  fuel/air  ratio.  If  this  hypothesis  is  correct  then  a  reduction 
in  mean  drop  site  should,  by  eliminating  some  of  the  largest  drops  in  the  spray,  lead  to  a  reduction  in  NO,.  Recent 
work  by  Kink  et  al.  [10]  has,  in  fact,  shown  that  improvements  in  atomisation  quality  result  in  lower  NO,  emissions,  as 
shown  for  aviation  kerosine  (JP7)  in  Fig.  4. 

Carbon  Monoxide 


For  the  estimation  of  CO  emissions  wc  have  [l?j. 

*6  mA  Tp,  exp  -  (0.00345  Tp4) 

=  1  ~  Stbjp? ,tt  gAg 

Vc  -  0.55  l<r‘  -*-£■  ~  - -  P,1  5 

r„  \i  J[  p3  J  J 


Atomisation  quality  affects  CO  emissions  through  its  influence  on  the  rate  of  evaporation  of  the  fuel  spray.  As  CO 
emissions  are  most  important  at  low  pressure  conditions,  where  evaporation  rates  are  relatively  slow,  it  is  necessary  to 
reduce  the  combustion  volume,  Vc,  by  the  volume  occupied  in  fuel  evaporation,  V,.  This  was  evaluated  |l  1]  as 

V,  0.55  NT*  f,,  mA  n0’Ar„  X,,  (8) 


The  influence  of  mean  fuel  drop  site  on  CO  emissions  is  illustrated  for  a  high  aromatic  fuel  in  Fig.  5. 


Unbitrned  Hydrocarbons 


Unburned  hydrocarbons  are  normally  associated  with  poor  atomiiation  and  inadequate  burning  rates.  Increase  in 
engine  power  setting  usually  induces,  the  emission  of  unturned  hydrocarbons,  partly  through  improved  fuel  atomisation 
but  also  through  the  effects  of  higher  inlet  air  pressure  and  temperature,  which  together  enhance  chemical  reaction 
rates  In  the  primary  combustion  tone.  Analysis  of  the  experimental  data  contained  in  references  4  thru  9  yielded  an 
equation  of  the  form  [13] 


This  equation  is  very  similar  to  Eq.  (7)  for  the  prediction  of  CO  emission*.  It  shows  that  the  primary  influence  of 
atomiiation  quality  on  the  emissions  of  unbumed  hydrocarbons  is  manifested  'hrough  its  effect  on  fuel  evaporation 
rates.  Increase  in  mean  drop  site  slows  down  the  rate  of  fuel  evaporation  so  that  less  time  Is  available  for  chemical 
reaction. 

Smokp 

Exhaust  smoke  is  caused  by  the  production  of  finely-divided  soot  particles  in  fuel-rich  regions  of  the  flame,  and 
may  be  generated  in  any  part  of  the  combustion  Bone  whore  mixing  is  inadequate.  With  pressure  atomisers,  the  main 
soot-formlng  region  lies  inside  the  fuel  spray  at  the  center  of  the  combustor.  This  is  the  region  in  which  the 
recirculating  burned  products  move  upstream  toward  the  fuel  spray,  and  where  local  pockets  of  fuel  vapor  are 
enveloped  in  oiy gen- deficient  gases  at  high  temperature.  In  these  fuel -rich  regions,  soot  may  be  produced  in 
considerable  quantities. 
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Rink  et  al.  [VO]  have  examined  the  influence  of  combustor  operating  conditions,  fuel  chemistry,  and  fuel  mean  drop 
size  on  soot  formation  in  a  continuous  flow  combugtor.  Their  results  for  JIM  fuel,  at  a  combustion  pressure  or  1 .01  MPa 
(10  atmos.)  are  shown  in  Fig.  6.  They  indicate  that  small  but  worthwhile  reductions  in  exhaust  smoke  can  be  realized 
by  improved  fuel  atomisation, 
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Fig.  5  Influence  of  mean  drop  size  on  carbon  Fig.  6  Influence  of  mean  drop  site  on  particulates 

monoxide  emissions  [19].  formation  [20]. 

SUMMARY  OK  EFFECTS  OF  FUEL  ATOMIZATION  ON  COMBUSTION  PERFORMANCE 

From  the  preceding  discussion  it  is  clear  that  atomisation  quality  has  a  significant  effect  on  many  important 
aspects  of  combustion  performance.  These  effects  stem  directly  from  tbe  pronounced  influence  of  mean  drop  size  on 
evaporation  rates.  At  low  combustion  pressures,  where  spray  quality  is  lelatively  poor,  ignition  performance  and  lean 
blowout  limits  are  both  limited  by  inadequate  concentrations  of  fuel  vapor  in  the  primary  combustion  zone.  In  a  similar 
manner,  combustion  inefficiency  and  tbe  accompanying  emissions  of  carbon  monoxide  and  unburued  hydrocarbons,  are 
due  mainly  to  the  time  absorbed  in  fuel  evaporation  which,  at  low  combustion  pressures,  represents  a  significant 
proportion  of  the  total  residence  time  of  the  combustor.  These  considerations  highlight  the  need  to  take  full  account  of 
changes  in  fuel  spray  characteristics  when  assessing  the  impact  of  any  change  in  fuel  type  on  combustion  performance. 

ATOMIZATION 

The  spray  properties  of  interest  for  gas  turbines  include  mean  drop  size,  drop-size  distribution,  radial  and 
circumferential  patternation,  droplet  number  density,  cone  angle,  and  penetration.  Of  these  the  mean  drop  size  is  of 
paramount  importance  through  Uj  influence  cn  fuel  evaporation  rates.  Various  definitions  of  mean  drop  size  ^re 
available  of  which  the  most  widely  used  is  the  Sayter  mean  diameter  which  represents  the  surface/volume  ratio  of  the 
spray. 

Unfortunately,  the  physical  processes  involved  in  atomization  are  not  yet  sufficiently  well  understood  for  mean 
diameters  to  be  expressed  in  terms  of  equations  derived  from  basic  principles.  The  simplest  case  of  the  breakup  of  a 
liquid  jet  has  been  studied  theoretically  for  more  than  a  hundred  years,  but  tbe  results  of  these  studies  have  been 
unable  to  predict  the  spray  characteristics  to  a  satisfactory  level  of  accuracy.  The  situation  in  regard  to  the  complex 
sprays  produced  by  more  sophisticated  types  of  atomizers  is,  understandably,  oven  worse.  As  the  physical  structure  and 
dynamics  of  a  spray  are  the  result  of  many  interwoven  complex  mechanisms,  none  of  which  are  fully  understood,  ii  is 
hardly  surprising  that  mathematical  treatments  of  atomization  have  so  far  defied  successful  development.  In 
consequence,  the  majority  of  investigations  into  the  drop  si«e  distributions  produced  in  atomiiation  have,  of  necessity, 
been  empirical  in  nature.  Nevertheless,  they  have  yielded  »  v.  jaaiderablfc  body  of  useful  information  from  which  a 
number  of  general  conclusions  on  the  effects  of  fuel  properties,  gas  properties,  and  injector  dimensions,  on  mean  drop 
size  can  be  drawn. 

The  properties  of  a  fuel  moat  relevant  to  atomization  are  surface  tension,  viscosity,  and  density.  For  a  fuel 
injected  into  a  gaseous  medium,  the  oniy  thermodynamic  property  generally  considered  of  iuij#or lance  is  tin;  k&s  density. 
The  turbulence  characteristics  of  the  air  or  gas  may  also  influence  atomization,  but  no  systematic  study  of  this  effect 
has  yet  been  undertaken. 

For  plain-orifice  injectors,  the  key  geometric  variables  are  the  orifice  length  and  diameter.  Final  orifice  diameter  is 
also  of  prime  importance  for  pressure-swirl  atomisers.  For  prefilming-type  airblast  atomisers  the  dimensions  that  have 
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most  influence  on  mean  drop  size  are  the  prefllmcr  diameter  and  the  hydraulic  mean  diameter  of  the  atomizer  air  duct 
at  the  exit  plane.  For  twiu-fluid  Injectors,  another  variable  affecting  atomiaaliou  is  the  fucl/air  mass  ratio. 

The  absence  of  any  general  theoretical  treatment  of  the  atomize  lion  process  has  led  to  the  evolution  of  empirical 
equations  to  express  the  relationship  between  the  meaD  drop-size  in  a  spray  and  the  variables  of  fuel  properties,  gas 
properties,  flow  conditions,  and  atomizer  dimensions.  The  equations  presented  below  are  considered  to  be  the  best 
available  for  engineering  calculations  of  mean  drop  sizes  for  the  types  of  atomisers  of  relevance  to  gas  turbines. 

ATOMIZERS 

The  atomizers  employed  in  aircraft  gas  turbiucs  include  plain  orifice,  prcssurc-awirl,  and  airblast  types.  Plain-orifice 
nozzles  arc  unsuitable  for  main  combustors  because  their  spray  cone  angles  arc  too  small  (<  15*),  but  they  arc  widely 
used  in  ramjets  and  afterburners,  v-hcre  the  fuel  injection  system  normally  consists  of  one  or  more  circular  manifolds 
supported  by  struts  within  the  jet  pipe.  Fuel  is  sprayed  into  the  flame  zone  frum  holes  drilled  in  the  manifolds. 
Sometimes  stub  pipes"  are  used  instead  of  manifolds,  and  many  fuel-injector  arrays  cuusist  of  stub  pipes  mounted 
radially  on  circular  manifolds.  In  all  eases  the  objective  i9  to  provide  a  uniform  distribution  of  fuel  drops  throughout 
the  portion  of  the  gas  stream  that  flows  into  the  combustion  zone. 

The  problem  of  narrow  rone  angle  that  besets  the  plain-orifice  atomizer  is  eliminated  in  the  pressure-swirl 
atomizer  by  imparting  &  swirling  motion  to  the  fuel-  As  soon  as  the  fuel  emerges  from  the  exit  orifice,  it  spreads  out 
into  a  hollow  conical  sheet  which  rapidly  disintegrates  into  ligaments  and  drops.  The  simplest  form  of  pressure-swirl 
atomizer  is  the  simplex  nozzle,  as  illustrated  in  Fig.  7a.  Another  widely-used  type  of  prrssurc-swirl  atomizer  i*>  the 
dual  orifice  nozzle,  as  shown  in  Fig-  7b.  Essentially,  it  comprises  two  simplex  nozzles  which  are  fitted  concentrically,  one 
inside  the  other.  This  nozzle  has  the  ability  to  provide  good  atomization  over  wide  ranges  of  fuel  flow  rate.  Its  main 
drawback  is  a  tendency  to  generate  copious  amount  of  soot  at  high  combustion  pressures.  Foi  this  reason  airblast 
atomizers  arc  generally  preferred  for  engines  of  high  pressure  ratio.  Most  airblast  atomizers  are  of  the  prefilming  type 
in  which  the  fuel  Is  spread  into  a  thin  sheet  before  being  exposed  on  both  sides  to  high  velocity  air.  Aisn  used 
occasionally  is  the  plain-jet  airblast  atomizer  in  which  the  fuel  is  injected  into  a  high-velocity  airstream  in  the  form  of 
one  or  more  discrete  jets.  These  two  alternative  forms  of  airblast  atomizer  arc  shown  schematically  in  Fig.  7c  aud  7d. 

DROP-SIZE  EQUATIONS 

The  following  equations  foi  mean  drop  size  are  normally  expressed  in  terms  of  the  Sauter  mean  diameter  (SMD). 
However,  some  workers  prefer  to  express  their  results  in  terms  of  the  mass  median  diameter  (MMD),  which  i9  defined  as 
the  drop  diameter  below  or  above  which  lie  50  percent  of  the  mass  of  the  drops.  For  many  practical  sprays,  the  mass 
median  diameter  is  about  20  percent  larger  than  the  Sauter  mean  diameter. 

Plain-Orifice  Atomizers 

"With  this  type  of  injector  atomization  fakes  place  as  the  fuel  jet  is  first  converted  to  ligaments  and  then  to  drops. 
Disintegration  of  the  jet  is  promoted  by  an  increase  in  flow  velocity,  which  increases  both  the  level  of  turbulence  in  the 
issuing  jet  and  the  aerodynamic  drag  forces  exerted  by  the  surrounding  medium;  it  is  opposed  by  an  increase  in  fuel 
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viscosity  which  delays  the  onset  of  atomisation  by  resisting  breakup  of  the  ligaments.  Merrington  and  Richardson's  {21 1 
experiments  on  sprn/s  injected  from  a  plain  circular  orifice  into  stagnant  air  yielded  the  following  relationship  for  mean 
drop  siie. 


SMD 


500  d0*  *  ly1 

ur 


(10) 


Moat  of  the  research  carried  out  on  plain-orifice  atomizers  has  been  directed  toward  the  types  of  injectors 
employed  in  compression  ignition  (diesel)  engines.  With  these  injectors,  jet  breakup  is  due  mainly  to  aerodynamic 
interaction  with  a  highly  turbulent  jet.  In  an  early  3tudy,  Fannsenkov  (22)  examined  the  influence  of  turbulence  on  the 
breakup  of  a  liquid  jet  and  determined  mean  drop  sizes  for  jet  Reynolds  numbers  ranging  from  1,000  to  12,000.  Drop 
site'1,  were  correlated  in  terms  of  discharge  orifice  diameter  and  liquid  Reynolds  number  as 

MMD  =*  6  da  lie,-0 15  (11) 


Harmon ’s  [23]  equation  for  SMD  takes  account  of  ambient  gas  properties  as  well  as  fuel  properties.  We  nave 
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An  unusual  feature  of  this  equation  is  that  an  increase  in  surface  tension  is  predicted  to  give  finer  atomization. 

The  above  equations  for  plain-orifice  atomizers  apply  stiictly  to  the  injection  of  fuels  into  quiesrent  air.  Two 
other  cases  of  practical  importance  arc  (1)  injection  into  a  co-flowing  or  contra-flowing  stream  of  air,  and  (2)  transverse 
injection  across  a  flowing  stream  of  air. 

The  influence  of  air  or  gas  velocity  is  important  because  the  atomization  process  is  not  completed  as  soon  as  the 
jet  leaves  the  orifice.  Instead,  the  process  continues  in  the  surrounding  medium  until  the  drop  size  falls  to  a  critical 
value  below  which  no  further  disintegration  can  occur.  For  any  given  fuel  this  critical  drop  siie  depends  not  on  the 
absolute  velocity  of  the  fuel  jet,  but  on  its  velocity  relative  to  that  cf  the  surrounding  medium.  If  both  arc  moving  in 
the  same  direction,  penetration  ’*3  augmented,  atomization  is  retarded,  and  mean  drop  diameter  is  increased.  When  the 
movements  are  in  opposite  directions,  penetration  is  decreased,  the  cone  angle  widens,  and  the  quality  of  atomization  is 
improved.  Thus,  insofar  as  gaseous  flow  affects  the  forma*  .on  and  development  nf  the  spray  and  the  degree  of 
atomisation  achieved,  it  is  the  relative  velocity  that  should  be  taken  into  consideration. 

The  above  discussion  on  the  effects  of  air  motion  on  the  spray  characteristics  of  plain-orifice  atomizers  is  relevant 
only  to  situations  in  which  the  air  velocity  is  not  sufficiently  high  tc  change  the  basic  nature  of  the  atomization  process. 
If,  however,  the  issuing  jet  is  subjected  to  a  high-velocit)  airstream,  the  mechanism  of  jet  disintegration  changes  and 
corresponds  to  airblast  atomization.  Ingebo  and  Foster  (24)  used  a  plain-jet  type  of  airblast  atomizer,  featuring  cross¬ 
current  air  injection,  to  examine  the  break-up  of  iso-octane,  JF-5,  benzene,  carbon  tetrachloride  and  water.  They 
derived  au  empirical  relationship  for  co.-elaticg  their  experimental  data  which  they  expressed  in  the  following  form: 

SMD/<Jo  =  5.0(WcfRcf)-<’js  (13) 


Substituting  for  WeK  and  Rep  gives 


SMD  =  5.0 
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According  to  Ingebo  [2f  j  the  above  equations  are  valid  foi  Wef  Rcy  <  10ft.  For  WejrRef  >  10a  he  recommends  the 
following  expression  for  mean  drop  size 

SMl)/d0  -  37(Wcf  Kcf)  M  (15) 

or 

(16) 


SMD  =  37 
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Only  water  jets  were  used  ir  deriving  these  dimcnsionally-correct  empirical  expressions. 

Equations  (13)  to  (18)  are  highly  relevant  to  the  design  of  ramjets  and  turbojet  afterburners  which  commonly 
employ  radial  fuel  injection  from  plain  orifice  atomisers  into  high  velocity,  cross-flowing  streams  of  air  or  gas. 

In  situations  where  transverse  penetration  of  fuel  into  the  gas  stream  is  unnecessary  or  undesirable,  a  ’  splash- 
plate"  type  of  injector  is  generally  preferred.  With  this  device  a  rouod  fuel  jet  is  arranged  to  impinge  at  the  center  of  a 
small  plate.  As  the  fuel  flows  over  the  edge  of  the  plate  it  is  atomiied  by  the  high  velocity  gas  stream  in  which  it  is 
immersed.  Essentially  the  device  functions  as  a  simple  prefilming  airblast  atomizer. 
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Ingebo  |2fl)  has  studied  the  atomi:  ing  performance  of  this  type  of  injector  for  air  pressures  ranging  from  0.10  to  2-1 
MS*a  (l  to  £0  atmos}.  Kis  teats  were  confined  to  water,  for  which  the  effects  of  liquid  velocity  ana  air  properties  on 
mean  drop  sire  conformed  to  the  relationship 

SMI)  «  j^.67  x  I04ULrA-°33  +  4.11  X  103pAUAPA-°7‘]  1  (17) 

Pressure-Swirl  Atomiser 

Owing  to  the  complexity  of  the  various  pliV9ica  nomcia  involved  in  pressure-swirl  nozzles,  the  study  of 
atomization  has  been  pursued  principally  by  empirical  m  is,  yielding  correlations  for  mean  drop  size  of  the  form 

SMD  a  o' it  w}  APp  (18) 


One  of  the  earliest  and  most  widely  quoted  expressions  is  that  of  Radcliffe  [27] 

SMD  =»  7.3  i4*  mF  35  APy0A  (10} 

This  equation  was  derived  from  analysis  of  experimental  data  obtained  by  Needham  |28j,  Joyce  [20j,  and  Turner 
and  Mouiton  J30J.  Subsequent  work  by  Jasuja  (31j  yielded  the  expression 

SMD  =  4.4  cP  *  if l*  41^“° 43  (20) 

However,  the  variation  of  surface  tension  ir.  thc3C  experiments  was  very  small  and  was  accompanied  by  wide  variations 
in  viscosity.  Thus  the  exponent  of  0.0  has  no  special  significance  in  Eqs.  (1C)  and  (20). 

From  a  series  of  tests  conducted  on  twenty-five  different  fuels,  using  six  different  simplex  conies  of  large  flow 
number,  Kennedy  [32]  derived  the  following  correlating  parameter  for  noiiles  operating  at  Weber  numbers  larger  than 
10. 

SMD  =  [«.ll-r0.3210s  FnVS-6  87310'3  VAPp+1.8910-'  AP,]  (21) 


In  estimating  Weber  number,  Kennedy  [32]  used  the  film  thickness  in  the  final  orifice  as  the  characteristic 
dimension. 

Equation  (21)  implies  a  very  strong  dependence  of  mean  drop-size  on  surface  tension,  while  viscosity  appears  to 
have  no  effect  at  all.  Kennedy  attributes  this,  and  other  differences  between  his  results  and  those  of  other  workers,  to 
the  larger  Weber  numbers  resulting  from  his  use  of  noizles  of  exceptionally  high  flow  nximber.  According  tc-  Kennedy, 
"for  Weber  numbers  greater  than  10,  a  different  atomisation  process  occurs,  i.e.  "shear-type  breakup,  which  results  in 
much  finer  atomization  than  predicted  by  previously-reported  correlations."  However,  Jones  ]33]  using  large  industrial 
nozzles  of  much  higher  flow  numbers  than  those  employed  by  Kennedy,  found  the  effects  of  surface  tension  and  viscosity 
on  mean  drop  size  to  be  fully  consistent  with  all  pr<  vious  observations  on  small-scale  nozzles. 

Jones  [33j  used  a  high-speed  photographic  technique  to  investigate  the  effects  of  changing  liquid  properties, 
operational  variables,  and  geometric  parameters  on  the  drop  sizes  produced  by  large  pressure-swirl  atomizers-  Analysis 
of  the  experimental  data  yielded  the  following  equation  for  mean  drop  size: 

MMD  -  2.47  m,?315  APy ' 547  p$  ,c 
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Lefebvrc's  |lo)  analysis  of  the  flow  processes  in  the  final  orifice  of  a  simplex  noszle  led  to  the  following  equation  for 

SMD: 

SMD  -  A  »  pF°  «  p$ 118  do0 1  p?M  A PF-°  W  (23) 


Substituting  d0  a  mFX/(APt/  pp}015  into  Eq.  (23)  and  using  Jasuja’s  [31]  data  to  determine  the  value  of  A,  gives 
SMD  -  2.26  a0' 28  pf  ,&Aiy06  PjfM  (24) 


Airblast  Atomizers 

The  firs*  xjor  study  of  airblast  atomization  was  conducted  over  43  years  ago  by  Nukiyama  aud  Tanasawa  [34] 
on  a  plaiD-jc*.  **.,olast  atomiser,  as  illustrated  in  Fig.  7.  The  drop  sizes  were  measured  by  collecting  samples  of  the 
spray  on  oil-coated  glass  slides.  Drop-size  data  were  correlated  by  the  following  empirical  equation  for  the  SMD: 


This  equation  U  not  dimensionally  correct  but  could  be  made  so  by  introducing  a  term  to  denote  length,  raised  to 
the  0.5  power.  One  obvious  choice  for  this  length  U  the  diameter  of  the  liquid  orifice  or  air  nozzle.  However,  from  teats 
carried  out  with  different  sites  and  shapes  of  notzles  and  orifices,  Nukiyama  end  Tanasawa  concluded  that  these  factors 
have  virtually  no  effect  on  mein  drop  sine.  Thus,  the  absence  of  atomiser  dimensions  is  a  notable  feature  of  Eq.  (25). 

Another  significant  omission  is  air  density,  which  was  kept  constant  (at  the  normal  atmospheric  value)  in  all 
experiments.  This  represents  a  serious  limitation,  since  it  prohibits  the  application  of  Eq.  (25)  to  the  many  types  of 
atomi«er3  that  are  required  to  operate  oyer  wide  ranges  of  air  pressure  and  temperature. 

Further  studies  on  plain-jet  girbLst  atomisation  have  been  made  by  Lorenzetto  and  Lefebvre  (35},  .lasuja  (38],  and 
Risk  and  Lcfebvre  '37).  The  latter  workers  derived  the  following  dimcn3ionally-correet  equations  for  mean  drop  size 


This  equation  was  shown  to  provide  &d  excellent  data  correlation,  especially  for  low-viacosity  fuels. 

Rixkalla  and  Lefebvre  [38]  carried  out  the  first  detailed  study  of  the  atomizing  performance  of  prefilming  airblast 
atomizers.  They  used  dimensional  analysis  to  derive  the  following  equation  for  mean  drop  size;  the  various  constants 
and  indices  being  deduced  from  the  experimental  data. 


For  fuels  of  low  viscosity,  such  kerosinc,  the  first  term  predominates;  the  SMD  thus  increases  with  increases  in  fuel 
surface  tension,  fuel  density,  and  atomiser  dimensions,  and  decreases  with  increases  in  air  velocity,  air/fuel  ratio,  and 
air  density.  For  fuels  of  high  viscosity,  the  second  term  acquires  greater  significance;  in  consequence,  the  SMD  becomes 
less  sensitive  to  variations  in  air  velocity  and  density. 


J&suja  (36]  subsequently  examined  the  airblast  atomization  characteristics  of  kerosine,  gas  oil  tnd  various  blends 
of  gas  oil  with  residual  fuel  oil.  The  experimental  data  correlated  well  wivh  the  equation 

ter  ^nOS  (  .,2  j<M?5 

SMU  -  1<T3  1  +  - fr~  +  0.00  I  (28) 
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This  equation  is  very  similar  to  Eq.  (27),  except  for  the  absence  of  a  term  representing  the  atomizer  dimensions 
and  a  somewhat  lower  dependence  of  the  SMD  on  air/fuel  ratio. 

The  effect  of  atomizer  ecalc  on  mean  drop  she  was  examined  by  El  Shanawany  and  Lefebvre  [39j.  They  used 
three  geometrically  similar  nozzles  having  cross-sectional  areas  in  the  ratio  of  1:4:18.  Their  experiments  were  confined 
mainly  to  water  and  kcrosine,  but  they  also  used  some  specially  prepared  liquids  of  low  viscosity.  From  an  analysis  of 
all  the  experimental  data,  El  Shanawany  and  Lefebvre  (36]  concluded  that  the  mean  drop  size9  produced  by  prefilming 
airblast  atomizers  could  be  predicted  by  the  following  dimensionally  correct  equation: 


Wittig  and  his  colleagues  [40j  have  also  examined  the  spray  characteristics  of  a  prcfilining  type  of  airblast 
aioudier  in  which  the  iiquia  sheet  is  injected  into  the  outer  air  stream.  Their  lesu'ts  are  generally  consistent  with  those 
obtained  for  other  types  of  prefilming  airblast  atomizers. 

DISCUSSION 

From  inspection  of  all  the  available  experimental  data  on  pressure  atomizers,  including  both  plain-orifice  and 
pressure-swirl  types,  some  general  conclusions  concerning  the  effects  of  air  and  fuel  properties  on  mean  drop  site  can  be 
drawn.  Drop  sizes  increase  with  reduction  iu  ambient  air  density  according  to  the  relationship  SMD  a  /?A~VJ5.  The  fuel 
properties  of  importance  are  surface  tension,  viscosity,  and  density.  In  practice  the  significance  of  surface  tension  is 
diminished  by  the  fact  that  gas  turbine  fuels  exhibit  only  minor  differences  in  this  property.  This  is  also  true  for 
density,  as  indicated  by  the  values  listed  for  various  alternative  fuels  in  Table  I.  However,  viscosity  varies  by  more 
than  an  order  of  magnitude,  so  its  effect  on  mean  drop  site  can  be  appreciable- 
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Tabic  1  Atom! zir,;  potential  of  jet  fuels  derived 
from  shale  oils,  tar  sands,  and  coal  syncrudes 


p  p  _ SMD  ratio 


Fuel 

at  288  K 
kg/m3 

at  293  K 
kg /ms 

Plain 

orifice 

Pressure 

swirl 

Frefilmer 

airblast 

Aviation  kerosine 

800 

0.00130 

1.00 

1.00 

1.00 

Shale  oils 

Tosco  low-yield 
(boiling  range, 

250-550K) 

807 

0.00547 

1.33 

1.43 

1.14 

Tosco  low-yield 
(initial  boiling 
point,  S50K) 

795 

0.00376 

1.24 

1.30 

1.08 

Tosco  high-yield 
(boiling  range, 

250-550K) 

804 

0.00565 

1.34 

1.44 

1.15 

Tosco  high-yield 
(initial  boiling 
point,  550K) 

787 

0.00341 

1.22 

1.27 

1.07 

Marine  diesel  produced 
by  Paraho  process  to 
Mil-P-16884-G 

801 

0.00693 

1.40 

1.52 

1.19 

Jet-A/JP-5  produced  by 

Paraho  process  to  MIL-F-5824 

805 

0.00217 

1.11 

1.14 

1.03 

Green  River  high-grade 
shale 

911 

0.02200 

1.72 

2.03 

1.17 

Tar  sands 

Alberta  Shell  Canda 

8  GO 

0.01100 

1.51 

1-71 

1.32 

Alberta  GCOS,  pilot 

plant 

837 

0.00320 

1.19 

1.25 

1.07 

Alberta  Sun  Oil,  pilot 
plant 

900 

0.00360 

1.20 

1.29 

1.08 

Alberta  Sun  Oil,  DF  #2 

882 

0.00544 

1.31 

1.43 

1.14 

Coal  derived 

Utah  A-seam 

866 

0.00550 

1.31 

1.43 

1.14 

Pittsburgh  seazn 

919 

0.01500 

1.59 

1.84 

1.44 

The  results  obtained  by  many  workers  on  the  many  different  types  of  airbiast  atomiser  allow  the  following 
conclusions  to  be  drawn: 

1.  The  mean  drop  site  of  the  spray  increases  with  increasing  iuel  viscosity  and  surface  tension  and  with  decreasing 
air/fuel  ratio.  Ideally,  the  air/fuel  mass  ratio  should  exceed  3,  but  little  improvement  in  atomization  quality  is 
gained  by  raising  this  ratio  above  a  value  of  about  5. 

2.  Fuel  density  appears  to  have  little  effect  on  the  mean  dr«p  size. 

3.  The  air  properties  of  importance  in  tirblast  atomisation  are  density  and  velocity.  In  general,  the  inc&n  drop  size 
is  roughly  inversely  proportional  to  air  velocity.  The  effect  of  air  density  may  be  expressed  as  SMD  p&a ,  where 
n  is  about  0.3  for  plain-jut  atomizers  and  between  0.6  and  0.7  for  prefilmmg  types. 

4.  For  plain-jet  nozzles,  the  initial  fuel  jet  diameter  has  little  effect  on  mean  drop  sixe  for  fuels  of  low  viscosity;  but, 
for  high-viscosity  fuels,  the  atomisation  quality  deteriorates  with  increasing  jet  sixe. 

5.  For  prefilming  atomisers,  the  mean  drop  sixe  increases  with  increasing  atomizer  scale  (size)  according  to  the 
relationship  SMD  o  L^*. 

6.  For  any  given  size  of  prefilming  atomixer  (i.e.  for  any  fixed  value  of  Lc),  the  finest  atomization  is  obtained  by 
making  the  prefilmer  lip  diameter  Dp  as  large  as  possible. 

7.  Minimum  drop  sixes  are  obtained  by  using  at<  miiera  designed  to  provide  maximum  physical  contact  between  the 
air  and  the  fuel.  With  prefilming  systems  the  best  atomization  is  obtained  by  producing  the  thinnest  possible 
liquid  sheet  of  uniform  thickness. 

8.  The  performance  of  prcllltning  atomiiers  is  superior  to  that  of  plain-jet  types,  especially  under  adverse  conditions 
of  low  air/fuel  ratio  aqd/ox  low  air  velocity. 

Atomizing  Properties  of  Some  Alternative  Fucb 

Drop  size  estimates  have  been  made  For  the  three  main  types  of  fuel  injectors  most  widely  used  in  aircraft  gas 
turbines,  namely,  the  plain-orifice  pressure  atomizer,  the  pressure-swirl  (simplex)  atomizer,  and  the  prefilming  airbiast 
atomizer.  Drop  sizes  for  normal  atroot-pheric  pressure  were  calculated  for  these  three  types  of  atomizers,  using  Eqs.  (10), 
(23),  and  (29)  respectively.  All  of  the  airbiast  atomizer  calculations  were  based  on  an  atomizing  air  velocity  of  100  m/9, 
corresponding  to  a  liner  pressure  drop  of  2.S  percent,  and  an  atomizing  air/fuel  ratio  of  2.  Data  on  fuel  properties,  as 
listed  in  Tabic  1,  were  drawn  from  Lefebvre  et  a).  [41).  ULfortunately,  this  source  of  data  contains  no  information  on 
surface  tension.  However,  Lefebvre  et  al.  [41]  quote  a  value  of  0.041  kg/s2  for  shale-derived  fuels,  and  this  value  was 
used  in  all  calculations  of  mean  drop  size  for  alternative  synthetic  fuels. 

For  all  three  types  of  atomizers,  the  constants  in  the  equations  were  adjusted  to  give  an  SMD  of  unity  for  aviation 
kerosiue.  Thus,  the  numbers  listed  in  the  three  right-hand  columns  of  Table  1  represent  for  each  fuel  the  ratio  of  its 
SMD  to  that  of  kerosiue  under  the  same  operating  conditions. 

CONCLUDING  REMARKS 

Inspection  of  Table  1  reveals  that  for  ail  fuels  the  atomisation  quality  is  markedly  inferior  that  of  normal 
aviation  kerosine  It  b  also  apparent  that  the  airbiast  atomizer  is  characterized  by  significantly  lower  values  of  SMD 
than  the  swirl  atomizer,  thus  confirming  previous  observations  on  tue  reduepd  sensitivity  of  airbiast  ptomizer 
performance  to  variations  in  fuel  type.  The  superior  atomizing  performance  of  the  airbiast  atomizer  would,  of  course, 
show  up  to  even  greater  advantage  on  engines  of  high  pressure  ratio,  since  SMD  values  for  airb)a3t  nozzles  diminish 
much  more  rapidly  with  increase  in  ambieut  gas  pressure  than  for  aw:rl  atomizers.  Thus,  to  some  extent  the  problems 
to  be  anticipated  with  alternative  and  synthetic  fuels  may  be  alleviated  by  the  use  of  efficient  and  well-designed  airbiast 
atomisers. 

For  auy  given  atomizer  the  effect  of  changing  from  kerosine  to  some  alternative  fuel  will  be  to  increase  the  fuel/air 
ratios  corresponding  to  lean  blowout  and  lean  lightoff,  as  indicated  by  Eqs.  (4)  and  (5)  respectively.  As  these  two 
fucl/air  ratios  arc  both  proportional  to  the  square  or  mean  drop  size,  the  effect  of  changing  fuel  will  be  mere  pronouuced 
than  is  suggested  by  the  SMD  ratio  in  Tabic  1.  Combustion  efficiency  at  idle,  altitude  cruise,  and  altitude  relight  could 
also  be  adversely  affected  by  the  use  of  alternative  fuels. 

The  larger  drop  sizes  obtained  with  alternative  fuels  will  lead  to  lower  evaporation  rates  and  hence  to  higher 
emissions  of  carbon  monoxide  and  unburned  hydrocarbons.  The  anticipated  effect  on  the  emissions  of  NOx  and  smoke  is 
much  less.  Although  increase  in  mean  drop  si*e  is  known  to  increase  smoke,  the  main  effect  of  a  change  in  fuel  type  on 
sect  fermatien  and  smoke  Is  manifested  tluougu  iLe  iuuueuie  of  fuel  chemistry,  notably  ihe  aromatic  content  and/tr 
hydrogcn/carbon  ratio. 
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DISCUSSION 


T.Rosfjorrt,  US 

While  distinct  atomizer  types  do  exist,  in  real  gas  turbine  applications,  an  airflow  is  present,  liven  pressure  atomizers  have 
an  airflow  across  its  face  to  prevent  mists  from  depositing.  Data  show  that  this  small  airflow  has  a  very  significant  influence 
on  spray  pa  Pern  and  atomization.  1  Icncc,  even  for  this  injector,  there  is  an  aerating  characteristic.  While  certain  classical 
pressure  atomizer  features  will  persist,  a  useful  correlation  must  consider  the  airflow1  influence.  Perhaps  a  (modified) 
aerating  term  of  correlation  would  be  suitable. 

Author’s  Reply 

1  am  well  aware  that  shroud  air  can  influence  spray  characteristics  at  low  fuel  flow  conditions  where  the  air/fuel 
momentum  ratio  is  relatively  high.  It  is  surprising  to  learn  that  this  minute  air  flow  can  have  significant  effects  on  spray 
pattern  and  spray  aeration  at  high  fuel  injection  pressures,  as  your  data  suggest. 


G.Grienche,  FR 

Vous  nc  pnrlcz  pas  dans  votre  etude  des  injecteurs  dc  type  “canoe  a  prevaponsation.  Nc  pensez-vous  pas  que  vaporiser  lc 
carburant,  memc  particeHcmcnt,  avant  son  injection  dans  la  chambre,  soit  un  element  favorable  d'adaptation  aux 
differents  carburants? 

Author's  Reply 

Problems  of  coking  and  carbon  buildup  within  the  vaporizer  tubes  restrict  its  useful  application  to  light  distillate  fuels  such 
as  kcrosine  and  DF2.  It  v/ould  he  quite  unsuitable  for  the  alternative  fuels  described  in  my  paper.  Mr  George  Opdyke  of 
Textron  Lycoming  has  had  many  years  of  practical  experience  with  vaporizers.  I  woul  1  like  to  invite  his  comments  on  this 
question. 

G.Opdyke,  US 

The  first  vaporizer  which  I  tested  was  a  MAMBA  can.  using  a  residual  fuel.  The  vaporizers  lasted  about  1 5  minutes 
because  of  internal  coking  ami  subsequent  burnout.  1  have  ncvei  since  tried  such  a  heavy  fuel  in  a  vaporizer. 


C.Moses,  US 

You  showed  a  significant  effect  of  drop  size  on  particulates.  I’ve  not  seen  this  effect  in  my  ow  n  combustor  work  or  in  my 
analysis  of  the  combustor  programs  sponsored  by  the  US.  Air  Foice  and  Navy.  Do  you  consul  r  this  to  be  an  artifact  of 
your  combustor  or  would  you  get  a  general  conclusion  from  it? 

Author’s  Reply 

The  results  we  show  on  the  influence  of  mean  drop  size  on  particulates  were  obtained  using  a  continuous  plug  flow 
combustor.  This  device  does  not  sin. ul ate  conditions  in  &  gas  turbine  combustor  in  which  combustion  takes  place  in  two 
stages,  i.e.  a  sool-fotming  zone  followed  by  a  soot  oxidation  zone.  I  believe  that  fuel  drop  size  has  a  small  but  significant 
effect  on  soot  formation  in  the  primary  combustion  zone,  but  tins  effect  is  masked  by  the  soot  oxidation  process  occurring 
further  downstream.  The  net  result,  as  vim  rightly  point  tint,  is  that  soot  concentrations  ineasuied  ai  the  cvuiibustoi  *.xit 
exhibit  very  little  influence  of  fuel  drop  size 


G.Fact(i,  US 

In  your  atomization  correlations,  you  indicated  the  effects  of  Reynolds  number,  although  other  characteristics  must  also 
be  important.  Do  you  have  correlations  w  hich  account  for  length/diametor  ratio  surface  finish,  etc  ? 

Author's  Reply 

No.  Although  many  physical  characteristics  of  the  nozzle  affect  the  quality  of  the  spray.  I  have  used  Reynolds  number 
because  it  is  something  that  can  be  quantified,  is  non-dimensional,  and  is  related  to  first  order  effects.  I  believe  that  further 
down  the  road  the  second  order  effects  will  have  to  be  included  in  an  equation  for  mean  drop  size. 
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La  moddl ieation  de  la  combustion  necessite  la  connalBaance  des  conditions  aux  liraltes  et  des  mo- 
deles  physiques  que  souvent ,  seule  1' experience  pent  fournir.  line  telle  approchv  expdriroentaie  pour  lep 
phdnomenes  lies  a  1' Injection,  obtenue  par  simulation  £  pardr  de  mesures  rdolisdes  au  moyen  de  materlcls 
spdcifiques  dbveloppee  au  CERT,  eet  prdsentde.  L'dvaluatlon  des  performances  de  difforents  types  d'injec- 
teura  utilises  dans  des  chambres  de  combustion  est  effectude  a  partlr  d’ easels  de  granulometrle  :  distribu¬ 
tion  locale  de  taille  et  dlametre  moyen  de  Saucer  (DMS),  et  de  mesures  de  concentration  dc  gouttes. 

Des  modeles  decrivant  les  phdnomenea  d'dvaporation»de  mlae  en  viteaae  et  d' impact  de  gouttes  sur 
une  parol  chauffde  sont  testes  expdrimeatalement . 

La  model  is  at  Ion  de  1*  Inject  lor.  premblangee  de  carburant  dans  un  injecteur  du  type  "canne  a  preva¬ 
porisation",  qul  utilise  ces  resultats  expd rinentaux ,  est  un  exemple  d* applicat ion  d'une  telle  demarche. 
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coefficient  de  tralnde 

chaleur  spdcifique  du  gaz 

dlametre  dc  la  goutte 

dlametre  moyen  de  Saucer  En  d3/  En  d2 

grosaisaement 

chaleur  latente  de  vaporisation 
debit  £vapord 
indice  de  reflection 
nombre  de  Reynolds  -  VK  d/  u 
scull  de  nuradrisation 
temperature  de  l'air 
temperature  du  liqulde 
taux  de  turbulence 
vitesse  de  l'air 

composante  normale  de  la  vltesse  de  la  goutte 

vitease  de  la  goutte 

vltesse  relative  «  (Va  -  V^> 

noabre  de  Weber  -  P^Uj^2  d/v 

pression  d’ injection  du  liquide 

masse  voluslq"?  du  g** 

uiasbc  vuluuilque  du  liquide 
longueur  d'onde 
factcur  de  diffusion 
tension  sup^rf iclellc  du  llqulde 
Nlscositc  tln^nuiiiquc 


1  -  INTRODUCTION 

Les  performances  d'une  chambre  de  combustion  sont  fortement  lideu  a  la  quality  de  le  pulverisation 
du  carburant  Injectd.  Les  caractd rl stiques  du  jet  de  carburant  (expansion,  tallies  et  vitesses  des  gouttes) 
Sont  necessalres  a  la  moddlisation  de  la  combustion. 

Rdcemiaenc,  de  nomtreuses  techniques  de  granulometrle  par  mnsures  optiques  (par  mesures  de  1 ' inten¬ 
sity  de  la  lumiere  diffusde  par  lea  goutteH,  par  andciomdtr  le  laser...)  ont  tt(  ddveloppdes  (Ref .  <0 . 

Pluslcura  techniques  utilisant  le  traitement  d1  images  Diit  dtd  mises  au  point  au  CERT  en  couplant 
dea  moyeno  de  visualisation  :  camera  video  ou  C.C.D.  et  microcalculeteur .  Cea  mdthodes,  appliqudee  a  1' etude 
de  jets  de  gouttelettes ,  permettent  d'obtcnir  des  resultats  en  temps  rde)  rslatifu  a  la  granulometric  et  aux 
concentrat lens  de  gouttes.  Le  princlpe  consiste  a  numbriser  une  image  do  jet  iortement  groaaie,  un  traiteaetit 
donne  enaulte  en  temps  rdel  la  forme  du  panache,  la  distribution  apatio-temporelle  de  taille  de  gouttes, 

(distal  tie  moyen  de  Sauter  (DMS)),.. 

Aprds  une  description  rapide  de  ces  techniques*  nous  presenterons  quelques  applications  relatives 
aux  Etudes  de  chambres  da  combustion.  Les  performances  d'lnjecteurs  dlemeotalres  sont  dtudiees  par  la  deter¬ 
mination  des  loia  devolution  du  dlametre  moyen  de  Sautec  et  de  Ja  forme  du  panache  en  fonction  des  paramdtreR 
prlnclpaux  :  pression  d' injection  APj *  Vitesse  de  l'air  Va,  tension  super flcielle  Oj .  D’autres  rdeultats  con- 
cernent  1' injection  dans  dee.  maqueltes  simplifies  de  turboreacteura  en  simulation  ad rodynamique  et  en  dcou- 
lemant  isotherme.  Dans  le  cadre  des  recherchea  sur  lea  instability  du  combustion,  des  dtudes  sont  nctuelle- 
ment  nteneee  sur  l'influence  d'une  perturbation  acouaclque  sur  la  distribution  de  tallies  de  gouttes . Enf in, 
plusleur6  expdrienr.es  de  base  sur  l'dvaporation  et  la  wise  en  vltesae  d^s  gouttes,  sur  1;  impact  des  gouttes 
et  le  ruiseellemsnt  sur  une  paroi  chaude  permettent  de  valioer  des  modeles  physiques  qui  aeront  par  la  suite 
incorpoids  au  code  de  calcul. 
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11  -  EXUDE  EXPERIMENTaLE 


XI.  1  Gra;iulam£trie 


Pour  ^valuer  le  taux  d' Evaporation  d'un  Jet  de  gouttalettee,  la  ccnnaissance  du  D.M.S. 
n'est  paa  sufflsante,  tl  faur  prendre  en  compte  lea  distributions  locales  et  epatiales  deB  tallies  de  gouttes. 
Le  ccinpor tement  dea  gout  tea  dans  cette  preniAre  phase  a  une  Influence  primordial?  Bur  la  repartition  de  car- 
bursnc  dans  lee  diff4rentea  tones  de  la  chambie  de  combustion. 

11.1.1.  I’rlncipe  de  mesure 

La  m6tl»ode  de  granulometric  est  d£crlte  sur  la  figure  1.  L'ecoulement  dlphasique  est 

iclair£  soit  avec  une  tranche  lumineuse  gdnnr^e  p-  r  un  laser  He/Ne  de  15  mwatt,  solt  pur  ur.  diode  laser.  La 

lumiere  dif fusee  par  les  gouttes  est  vteualis^e  A  90®  par  une  camera  par  1* lntermddlaire  d ' un  banc  optique 
comportant  un  telescope  (diamAtre  100  nua,  focale  600  mm)  et  un  microscope  (gross  is  semen  t  8  M)  qui  assure 
un  grosslasement  suffisant. 

Avec  ce  dispositif  optique,  le  champ  objet  analyst  est  de  quelques  nun3  (<10  mm3)  avec  une  profon- 

di ur  de  champ  de  100  imu  Les  tallies  nesur£es  sont  comprises  entre  10  pm  et  quelques  centaines  de  microns. 

Les  Images  des  gouttes  traversant  le  volume  £l£mentaire  de  mesure  peuvent  etre  analyses  en  temps  reel  par 
'Le  mlcrocalculateur  a  partir  de  deux  types  de  traitements. 

a)  Premiere  methode 

Cette  mithode  a  d£jA  6t4  dAcrlte  dana  Is  reference  i.  A  chnque  trarae  (16  ms),  les 
images  grossies  des  dlverses  gouttes  presentee  dana  le  champ  observe  eont  num^ri- 
s6es  aur  un  bit.  Le  principe  coneiste  A  superposer  lee  contours  de  ces  images  au 
"maillage"  definl  par  le  balayage  (ligne)  de  la  camera  et  l'horloge  interne  du 
calculateur  (colonne). 

Le  diamAtre  moyen  de  Sauter  DMS  -  En  d*/ 1  n  d2  peut  s'exprlroer  par  la  relation  : 

3  PP 

-  — 5J7“ 

Pp  :  nombra  de  points  situ6s  a  1' interior  des  images  des  gouttes 
P^  :  ncmlre  de  points  situ6s  a  1' intersection  du  maillage  et  de  la  peripherle  des 
images 

A  partir  de  1 'analyse  d'un  nombre  eufflsant  de  trames  1 2 00  a  1000) >  le  DMS  est 
calculi  en  temps  rAel  et  une  premiere  approche  de  la  distribution  de  tallies  peut 
etre  obtenue  apres  un  temps  voisin  de  ?  minutes.  Ce  type  d ' acquisition  cat  limitd 
du  fait  qu’ll  n'est  pas  possible  d'accAder  a  la  position  et  a  la  taille  de  chaque 
goutte.  Ainoi  avons-nous  dAveloppA  une  deuxieme  technique  pour  augraentei  les  pos- 
elbllltes  de  cette  methode. 


b)  Peuxieae  m&thode 

L'extraction  de  contour  de  chaque  image  est  effectuAe  en  temps  r£el  A  partir 
de  la  m6thode  des  gradients  de  Robert  et  1 1  utilisation  d'une  ligne  de  retard.  Pour 
pouvoir  traiter  un  nombre  important  de  trames  sans  utiliser  ur.e  capacir.6  mdmoire 
trop  importante,  un  systeme  d' acquisition  d' image  "compreeQ^a"  est  utilise.  Le 
principe  coneiste  A  sauvegarder  les  coordonn^es  des  polnt6  ou  des  lignes  dont  la 
brillancc  est  superieure  A  un  niveau  fixA.  Un  "triplet"  de  valeurc  est  acquis  par 
segment  (coordonnAes  du  ler  point  et  longueur  du  segment)  et  est  transmit  A  un 
bus  32  bits  et  ensuite  mAmorisA. 

Ce  systdme  developpA  sur  IBM  PC  utilise  un  craitement  permettant  d'obtenir  les  in- 
fntmArlnna  sulvantes  : 

-  taille  de  chaque  goutte, 

-  dlamAtre  moyti  de  Sauter  (D.M.S-)  et  dlfferents  moments, 

-  distance  moyeune  entre  gouttes  A  partir  de  l'obtention  des  coordonnees 
dee  centres 


-  .i 


11.1.2.  Etalonnagc  du  banc  granulomArrlfc 

Un  Atalonnage  eat  ndceogaire  pour  reller  la  taille  des  Images  de  gouttes  vues  par  la 
camera  A  leur  taille  rAelle. 

Pour  un  faisceau  de  lumiere  incidente  (intensity  ID,  longueur  d'onde  >)  et  un  angle  ^observation 0 
donnas,  le  facteur  d'Atalonnage  depend  de  l'optique  (g  :  groSBiseeocnt ) »  du  aeuil  de  iiumArlsation  S,  de  1 1  in¬ 
dice  de  refraction  n.  Des  bllles  de  verre  de  tallies  comprises  entre  50  et  2UQ  um  sont  gAnAralement  utilises 
Les  r£sultats  eont  en  bon  accord  avec  ceux  dAdults  de  la  thdorie  de  Hie  pour  a  ■  r  d/  A  >10  (KAi.4  )- 

11.2.  K* sureg  de  concentration  de  pout  tea 
Principe  de  mesure  : 

Le  principe  de  nesure  utilisA  dans  le  cag  d'un  traceur  colurA  injecte  dans  l'cau  a  dAJA 

d'autre  part,  sur  l'appllcatlon  A  un  milieu  dlphasique.  Le  principe  repose  sur  le  fait  que  1 1  intensity  de  la 
lumiAre  diffusAe  est  proporrlonnella  A  la  aurfece  d'analyse.  Uns  telle  surface  gAnArAe  sur  l'Acran  du  tnicro- 
calculateur,  materialise  la  zone  A  Atudier.  Cette  hypothAse  suppose  une. concentration  faibl ;  pour  assurer  une 
diffusion  independence  par  cheque  particule.  Le  signal  vidAo  intAgrA  dans  la  fen^tra  d'analyae  est  prouor- 
t tonne  1  A  la  brillance  locale  de  1' image  et  done  A  la  concentration  des  gouttea.  Cette  technique  nAceasUe 
un  Acalonnage  prAalable. 
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Dupuis  plusieurs  ann£es,  dee  Etudes  expc  rlroeruales  et  de  mod^l  lent  Ion  concei'nant  Icq 
chant res  de  combustion  sont  menees  au  CERT/PERHE5  (R6f.l2).  Pane  ces  Etudes,  la  partie  exp(  riir.ontsle  est 
efiectude  par  simulation  en  4coulemcnt  isotherms  A  purtir  de  roaqucttes  slmplilltiCB  de  charobres  de  combustion. 

La  demarche  cholsie  set  la  sulvante  : 

-  simulation  hydraulique  pour  ytudier  l*a£rodynamlque  Internp, 

-  simulation  aux  conditions  atmosphiriquea  de  1* injection,  sur  banc  a^rodynamique, 

-  mod4l isation  de  la  combustion  utilieant  dee  model ee  de  cindtique  chimlque  et  en  prenant 
canme  cond it ionaaux  ILmitcs,  lea  resuitats  exp4 rimentaux  de  simulation. 

La  mnd4l isat Ion  de  la  phase  liquide  necessite  aussi  la  conpnigsance  de  loin  element aii  es  tel  leg 
que  1  Evaporation  en  milieu  gazeux  surchautfe  de  gouttes,  1’ impact  eL  l'evapcration  de  gouttes  sur  un  parol 
chaude. 


II. 3.1.  Performances  d 1  ltij  ectcurs  616rocntaires 


Dans  ce  premier  exemple,  lee  caracty rist iques  d 1 inj ecteura  a] ementalrcs .  util  Lees 
dans  des  chamhres  de  combustion,  nont  4tudl4s  en  function  des  conditions  expe r iraental ts .  De  lei«  r^sultats 
ont  4t<£  obtenu6  dans  une  veine  aii  rodynamiquc  (figure  l)  usin£e  en  plexiglass  de  BecLlon  carree  (150mm  x  lbQmm). 
Cette  installation  offre  la  possibility  de  faire  varler  les  conditions  exp4r lmentoles  (vicesse  et  taux  de 
turbulence  de  l’air,  press ion  d' injection,  nature  du  flulde  inject®. -•)•  Certains  resultats  ont  de j a  yte  pre- 
Bent4s  dans  la  refAvence  12. 

Des  exemples  de  ^sulcata  montrant  la  variation  de  D.M.S.  en  function  de  la  vitesse  de  l'air  et  de 
la  tension  euperf iclelle  du  liquide  injecte  sont  preBent4s  sur  les  figures  2  et  3. 

Tous  cos  r4sultats  peuvent  etre  rasnembi.es  sous  la  forme  d'une  correlation  : 


D.M.S.  -  K  Vj"0'1* 


0  *-2 


Une  telle  correlation  roontre  les  roles  important*?  de  la  vitesse  de  l’air  et  de  la  tension  auperfi- 
ciellc.  Ces  v£suXtat8  ont  4t4  corapl4t4e  par  1  Etude  de  1  Evolution  radlale  de  la  tsllU  des  gouttes.  Nous 
pouvone  remarquer  sur  la  figure  *»  ,  des  variations  lmportantes  de  tallies.  La  figure  5  montre  un  exemple  de 
distribution  de  tallies  de  gouttes  compar£e  aux  lols  de  TANASAUA  TESIMA  et  de  ROSIN  RAMLER  (R4f.6). 


Dans  le  cadre  dEtudes  d1  instability  de  combustion,  nous  avons  amenys  a  etudier  l1  influence  de 
perturbations  acouatiques  d'amplltude  et  de  fryquences  donnyes  sur  les  periotmances  d’un  injecteur  y lementaire . 
La  perturbation  acoustlque  provient  d'un  haut  parleur  qul  pout  fournlr  une  puissance  de  13b  db  A  des  fr£quences 
comprises  entre  200  et  500  Hz.  Des  ytudes  ont  4t4  r4al IsAes  au  CERT  raontranl  que  le  mecanismt  de  formation 
des  goutt.eu  peut-etre  modiflA  si  on  superpose  A  1  Ecoulement  s4rodynamlque  une  excitation  de  forte  amplitude 
a  une  frequence  bien  deflate  (R4t .  10)  .  Un  exemple  d'influence  est  montry  sur  la  figure  b  pour  lequel  Jeseffets 
solvent  apparaissent  lorsque  la  puissance  acoustlque  augment*  : 

-  la  dispersion  de  la  distribution  est  plus  faible, 

-  le  D.M.S.  dlmlnue. 


11.3.2.  Performances  d’un  Injecteur  double  vrille  place  dans  une  maquette  bidimensionnel le 


de  chanbre  de  turboreacteur 


Pour  dy terminer  1* influence  locale  de  1  Eyrodynemlque  Sur  )es  carsct4 riatiquee  du 
jut  de  carburant  provenant  d’un  injecteur  double  vrille,  des  exp4rience6  ont  et4  reallege  dans  une  maquette 
bidimena tonne  lie  en  ycoulemcnt  aerodynamique  isotherme.  La  distribution  radialc  de  D.M.S.  obtenue  a  diff4- 
rentss  distances  do  l’injecteur  et  pour  une  richesse  donnee  montre  (figure  7),  les  yiyments  suivants  ; 

-  une  variation  radiale  importante  de  DMS  pres  de  l’injecteur  li4e  a  lEArodynamlque  des  Jets, 

-  une  diminution  de  DMS  lorsque  la  dfsrnnre  A  l'injprfeur  auempn  t  «* . 

Les  petltea  gouttelettec  sublssant  une  accyiyratlon  plus  importante  que  les  grosses,  suivent  nieux 
lEcoulement  ayrodynamique .  Dan3  la  zone  centrale  (zore  de  recirculation)  et  dans  la  zone  des  Jets  d'air, 
lea  grosses  goutteu  sont  sous  reprysentyes ,  ce  qul  se  traduit  par  un  DMS  plus  faible.  Tres  pris  dc  1' injec¬ 
teur,  la  valeur  importante  dc  DMS  peut  s'expliquer  par  1 ’ accumulation  de  grosses  gouttes  non  encore  entral- 
ny«a  par  lEcoulement.  Ce  type  de  ryoultats  a  aussi  yty  obtenu  dans  la  ryf4repce  6  .Une  4tude  paramytrique  a 
4t4  effectufce  en  prenant  en  compte  l'lnfluence  sur  le  DMS  du  d£blt  liquide,  du  d£blt  d'air  et  de  la  vitesse 
de  l'air  au  niveau  de  l'injecteur.  A  tltre  d'exLmple,  la  figure  8  mjntre  1' \nf luence  peu  inportarte  du  debit 
liquide  injecty  sur  le  DMS.  Ce  rysultat  lndlque  que  e'est  1 'a6rodynamique  qui  semble  avoir  une  influence  pri- 
mordlale  sur  le  DMS. 

Cea  rAsultats  nous  ont  permis  d'axprimer  la  variation  de  tallies  de  gouttes  sous  la  forme  d’une 
corr4latlon  : 

K  mi  o.i, 


Uq  :  vitesse  dybitante  des  Jets  d'air 
mi  :  d£blt  masse  liquide 


K  :  conscante 


Ce  type  de  cotrAlatlon  a  aussl  4t4  obtenu  par  Lefebvre  (R6f.l3). 

Cea  tAsultats  ont  4t4  roiipiyt4s  par  des  mesures  de  concentration  de  gout  tea.  Des  Bondages  verticHux 
at  horizontaux  de  concentration  (figure  9  )  effectuen  sur  un  rayon  et  pour  deux  richesses  lnject4es  diffyren- 
tes,  mentrent  des  variations  tr£s  importances  entre  1'axe  du  Bwiler  et  le  plan  de  sym6trie  entre  deux  awileis- 
Un  r48uirats  semblable  a  4t4  aussi  obtenu  par  Yamanaka  (R4f.  16  ).  L' augmentation  Importante  de  la 
concentration  i  le  p4riph6rie  dans  le  plan  horizontal  correspond  A  l'apport  du  liquide  de  l'injecteur  adjacent. 
Une  dlssym4trle  Important*  entre  le  Bondage  vertical  (influence  des  parols)  et  le  Bondage  horizontal  (Influence 
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de  l’injecteur  voisin)  eat  A  remarquer,  Cas  profile  dc  concentration  de  gouttas  fivojuent  rapldement  avec  le 
rapport  dea  d4bit«  d'air  entre  lea  deux  villlcs  de  l'injecteur.  La  fermeture  de  la  vrllle  extern*  ayant  pour 
effat  de  diminuer  le  taux  de  ''swirl",  prcvgque  une  augmentation  impnrtsnte  de  la  concentration  sur  l'axe 
(f igure  10  ) . 

11.2.3.  Etude  de  1 ‘Evaporation  d'un  liquide 

Une  autre  application  de  cgg  techniques  eat  l'Atude  de  l'Avaporatiou  de  gcutielettes  11* 
quldca  se  Jdplacant  dans  un  Acoulement  d'air  surchauff4.  Ur.e  telle  experience  est  lnr^ropsnntc  pour  verifier 
lea  Ids  utills6ea  dans  les  dif£4rcnts  codes  da  calcul.  Dans  L'exp4rience  repr4sent4e  sui  la  figure  11,  de 
1'air  chaud  A  tempftratute  et  <i4bit  variables  b  '  ecoule  dans  un  tube  de  pirex  d*  longueur  2  m  et  de  diametre 
60  bud.  Leg  gouttelettes  sont  introduites  dans  l'4coulement  par  un  petit  injecteur.  L’dvaporation  dea  gouttes 
qui  est  Je  r4sultat  de  l'6cart  de  temperature  et  de  vltesse  entre  lea  phases  liqulde  et  gazeust  eat  4tudi4e 
par  l'analyae,  en  diffArentee  sections,  dc  la  distribution  des  tallies  des  gouttes.  En  psralldle,  il  a  4t4 
nAceaaaire  d'Atudier  A  chaque  aectioi  test,  la  vltesse  locale  dea  gouttes  et  de  I'alr.  Les  rAsulrats  obtenus 
se  rapprochent  des  r^Bultal  -  cl-dessous  obtenus  par  Dickerson  et  Schtonan 

dvR _ 3  cd  v  , 

dt  4  D  P£  ** 

avac  VR  -  |Va  -  V  £  ! 
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et  Cj)  •  -  pour  Re  <  0,48 

Rc 

CD  -  27  R^" V  *"*  0,48  <  Re  <  78 
Cj)  -  0,27  Re**  Rg  >  78 


Pour  comparer  les  rAsuLtata  obtenus  exp£rimcntalement  A  des  rAgultats  thAoriques.  un  raodele  mono- 
dimensionnel  a  At4  utilise  dans  lequtl  diffArentes  loia  de  vaporisation  ont  pu  etre  testAcs.  La  lot  qul 
semble  etre  en  bon  accord  avec  nos  rAsultflta  est  celle  de  Frossling  (R4f,  9  ). 


Mr  -  Mo  (1  +  0,244  r/S  avec  EL,  -  ti  d  -i-  Log  (1+B) 

Cv 


la  figure  11  ir.dique  un  exemple  devolution  d'hietogremme  avec  la  distance  de  1*  injection  et  moncre 
une  dAcroissance  du  diametre  tnoyen.  La  coraparaison  de  cec  rAsultats  avec  lcs  reeultats  du  model*  de  calcul 
avec  la  loi  de  Frossling  comme  loi  d’ Avaporation  est  satisfaisante  (Figure  12). 


11.3.4.  Etude  de  1*  impact  et  du  ruiasej lenient  dee  gouttelettes 

Lee  premiers  r4sultats  sur  le  compurtement  d’une  goutte  Impactant  sur  une  parol  chaude  er 
lc  trnnsfert  de  chalcur  qui  en  dAcoule  ont  AtA  obtenus  par  Watchers  et  Westerling  (Ref. 14)  avec  dc  l'eau. 
Lcs  phenoqjenes  observ4s  Bont  fortement  lies  au  nombre  de  Weber  d4fini  par  l'expression  sulvaute  : 

c 


Pour  une  temperature  de  plaque  de  400°  C  et  pour  des  goucteo  d'eau,  lcs  autturs  proposenc  Iq  mo- 
dele  suivant  : 


-  Wc  <  30  la  goutte  rohondlt  e»t  Ja  parol  sans  eclatcr 

-  30  5  We  $  80  la  goutte  sublt  dea  deformations  considerables  lurs  de  1* impact  mais  retrouve 

une  forme  presque  ephAroIdale  aprAs  le  rebond 

-  We  >  80  la  3outte  s'4tale  sur  la  pa*-©!  en  formant  un  film 

Wq  -  30  est  la  valeur  critique  pour  l'eau. 

Ccs  rAsultats  bibllographiques  obtenus  pour  l'eau  ne  concernent  que  quelques  temperatures  de  parol. 

Une  Atude  exp4r imentale  a  6t4  entreprlse  A  psrtir  d'une  plaque  chauffante  fourntssant  une  temp4tature  maxi- 

male  de  300°  C  pour  eonnatrre  Involution  "Aventuelle"  du  nombre  de  Webr  ie,  d'une  part,  avec  la  tem- 

p4rature  de  paroi  at,  d'aucre  part,  avec  la  nature  du  liquid*. 

Les  rAsultats  prAsentAs  sur  la  figure  13  font  apparaltre  une  4volution  notable  de  ce  nombre  de 

Weber  critique  avec  la  temperature  de  la  plaque,  a  terapAratnre  fix4e.  le  nombre  de  Weber  ciitique  du  kArosene 

e6t  plus  important  que  celuJ  de  l'eau.  Un  autre  exemple  d’application  est  Involution  du  temps  d' Avaporation 
d'une  goutte  en  fonction  de  la  temp4rature  de  la  plaque.  Les  rAsultats  obtenus  pour  l'alrool.  l'eau  et  le  kA- 
rosAne  font  apparaltre  une  zone  de  temp4rature  cricique  appelAe  tempAracure  de  "Leidenf roar."  pour  laquelle 
il  y  a  changement  de  mode  dc  transfert  thermique  (figure  14). 

D'autres  rAuultats  concernant  les  caract4ristiques  physiques  et  le  taux  de  ruissellecoenc  d'un  film 
liquids  ont  ecu  obtenus  mais  ue  soul  pas  piAttvuiAb  u«n«  >-«Ue  vouauunlcal l or>. 


Ill  -  EXEMPLE  DE  MODEL  I  SAT  I  ON  S1MPL1FIEE  D'UN  ECOULEMENT  DtPHASlQUF. 

L'Acoulement  diphasique  dans  une  canne  A  prAvaporisarion  ast  un  Acoulement  type  peur  lequel  la  plu- 
part  dea  mcdAles  physiques  citAs  ci-deasus  dolvent  e.re  prla  an  compte,  Le  but  de  cettc  modAlisation  eat 
d'obtenlr,  4  partir  d'un  calcul  sitnpllfiA,  lea  caractArietlque*  du  stdlange  air-carburant  en  sortie  d'une  canne 
4  pr^vaporlsatlon.  Pour  ce  type  d'lnjacteur,  lea  r4«ultata  bibllographlquea  peu  nombreux  ne  sont  que  quail- 
tatlfa  (R4f.  15)* 

Devant  l«n  dlfficult6s  d'effectuer  dea  meaures  In  altu,  uqus  avons  choial  la  simulation  en  esauyant 
d'4tudler  lndlvlduellement  les  ph4nom£nee  presents  dans  le  canne  4  partir  d' experiences  de  h^e. 
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Leu  plirnomeued  physiques  A  prendre  en  compte  et  qut  uni  etc  slmiilc-s  sunt  les  suivante  : 

-  pulverisation  da  cHrburant  (tnille  ct  vitesae  lnltiaKs  dee  guuttea), 

-  mise  en  vitesse  et  evaporation  dea  gouttes, 

-  Impact  d'uue  goutte  sur  la  parol  chaude  de  lo  caitne, 

•  luissellement  sur  les  parols, 

-  taux  d  *  Evaporation  du  film  sur  une  parol  chaude, 

-  caracteristlques  du  film  llquide  (vitesse,  epalsseur . . . )  , 

-  transf ortnatiun  iilra-goutte, 

-  aovodynonlquD  de  la  canne. 

Ce  programme  de  calcul  de  1 ’ecoulement  dans  la  canne  que  nous  avons  propose,  eat  const  ltue  de  la 
Juxtaposition  den  ditferents  modules  testes  exper iraentnli-mcnt  au  CERT  et  d'un  calcul  slmplUie  de  l'a^rody- 
namique  (ecoulement  bid icene tonne  1  plan,  fluidc  parlait).  Ce  modele  du  type  Lagrengien  perract,  pour  des  Con¬ 
ditions  d‘ injection  donneea  (viLesse  d’air,  vitesse  de  carbutant)  de  rc-stltuer  les  trajcctoiies  d'1  gouttes, 

A  partir  dea  conditions  initiates  obtenuee  expcritnentalemont  par  simulation,  er  de  calculer  le  taux  d' evapo¬ 
ration  dans  dif {erentes  sections  de  la  canne.  La  figure  ir.ont.re  )' Influence  de  la  tallle  mi*yenne  des 
gout t us  lnjectles  eur  le  taux  d'^vaporation  du  carburant  en  sortie  de  canne.  T.'int£ret  de  ce  code  de  calcul 
est  la  prise  en  compte  de  la  plupart  dcs  phenomones  physiques  exlsinnts  dans  la  came  et  la  possibility  d'ef- 
fectuer  deB  etudes  de  tendances  (geometric  de  la  canne,  diamotie  et  orientation  des  orifices  de  1' injector, 
r i cheese  injec t . . . ) .  Actuellemcnt ,  ce  code  de  calcul,  bien  que  vnllde  seuloment  par  injection  d'eau,  four- 
nit  des  resultats  realistes.  Dea  amcliorat ions  de  1 '  ayrcdynomlque  d’un  tel  ecoulement  sont  c*n  emirs  p.ir  la 
prise  en  compte  de  la  turbulence  a  partir  d'un  programme  d* ecoulement  dlphaslquc  crlditrenslunnel  du  type  K  l « 


IV  -  CONCLUSION 

Des  techniques  simples  de  g rami loire trie  et  de  concentration  dc  goutteu  pertcettent  d  ^valuer  les 
performances  de  different*  types  d' Inject eurs  et  peuvent  etre  appllquees  a  dcs  experiences  de  bage  simulant 
certains  ph6num4nes  physiques  existants  dans  les  chambrcs  de  combustion.  Ce  type  de  demarche  e»t  actuelle- 
ment  otendu  aux  ecouletnents  tr idlmenr lonnels. 
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DISCUSSION 


A.KJasuja,  UK 

I  wish  to  draw  the  meeting's  attention  to  the  last  paper  of  the  day  covering  spray  performance  of  a  vaporise:  injcetoi.  in 
our  work,  which  will  be  reported  fully  later  today,  we  have  also  observed  high  degrees  of  vaporisa.uir  in  add-on  to  high 
degrees  of  atomization. 

A.Lefcbvrc,  US 

How  important  is  the  quality  of  atomization  in  the  primary  injector  upon  the  quality  of  atomization  •e«»M..gt,'  e  vaporizer? 

A  Jasuja.  UK 

To  answer  Prof.  Lefebvrc'-s  question,  earlier  papers  show  that  the  primary  atomization  r,  jt  important. 
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Turbulence  Effect**  on  the  Droplet  Distribution 
Behind  Air blast  Atomizers 

by 

S.  Wit  tig,  W.  Klausmann  and  B.  Noll 
Lehrstuhl  und  Instltut  fOr  Thermlsche  Strdmungomaschlnen 
Unlveraltfit  Karlsruhe  (T.H.) 

Itclserstr.  12,  D“7500  Karlsruhe  (Wc3t-0erinany ) 


SUKNAHY 

Turbulent  fluctuation?  oi'  the  airflow  In  gas  turbine  combustion  chambers  have  decisive 
Influence  on  the  mixing  of  fuel  droplets  and  air  both  In  premising  reglonB  and  primary 
zor-.s . 

In  the  prerer.t  work,  detailed  measurements  In  a  recirculating,  droplet  charged  airflow 
In  a  combustor  model  arc  conducted  with  an  optical  diffructlon-Lype  particle  sizer. 
These  Investigations  yield  Information  about  the  local  fuel  concer.trat ions  as  well  as 
the  local  concentration  weighted  diameter  distributions  under  cold  and  hot  air! low 
conditions.  The  spray  Is  produced  by  a  r*?c filming  airblast  nozzle,  which  is  built  Into 
tre  combustor  model.  The  calculation  of  the  above-mentioned  quantities  using  a  new 
computational  mo. ’el  shows  that  In  considering  turbulence  fluctuations  significant 
Improvement  of  the  resuite  Is  obtained  and  excellent  agreement  between  predicted  and 
measured  values  la  achieved.  Therefore,  the  results  indicate  that  turbulence  can  be 
one  of  the  ma.lor  Influencing  parameteis  on  droplet  distribution. 


NOMENCLATURE 


A  area 

B  transfer  number 

c».  drag-coeff  icient 

c  specific  heat 

d  depending  on  droplet  diameter 

D  drop  diameter 

D. q  ;D,  churacterlctlc  diameters  corresponding  to  h  drop-size  distribution 
5  index  indicates  the  %  by  volume  with  smaller  diameter 

F  (a)  distribution  of  droplet  volume  flow  rate  over  the  spray  angle 
Fr  Frdssling  factor 

h  height 

H  latent  heat  of  gasification 

1  inden  for  summation 

k  index  for  summation  over  different  size  classes 

k  kinetic  energy  of  turbulence 

K  evaporation  rate  constant 

M  (d)  distribution  of  droplet  volume  Mow  rate 
n  exponent  in  the  Ro3 5 n-Rammlev  drop  size  distribution 

N  nuinuex*  of  iropv  In  a  computatioiiiil  coll 

Nu  Nusselt  number 

Pr  fraud tl  number 

()  liquid  volume  fraction  wi-h  diameter  smaller  than  d 

Re  Reynolds  number 

SC  sample  concentrate  on 

t  time 

T  teirera  tur< 

u  time  averaged  velocity  component,  horizontal 

v  time  averaged  velocity  component,  vertical 

V  volume  flow  rate 

W  widvh 

x  space  coordinate,  horizontal 

y  spacf  coordinate,  vertical 

Z  droplet-  numuer  flow  rate,  numbe"  of  droplets  leaving  the 

atom! tat  Ion  edge  por  unit  time  in  one  direction 


o  spray  angle 

i  thermal  conductivity 

c  dissipation  rate  of  turbulence 

v  vi scoslty 

p  density 


SUbSCHIPTS 


air  corresponding  to  the  air-flow 

Poll  boiling  point 

d  droplet 

liquid 
relative 

F.IO  _ 


rel 
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INTRODUCTION 

In  a  large  variety  of  applications  concerning  fuel  atomizers.  It  la  of  major  Importance 
to  match  the  geometry  of  the  nozzle  and  the  duct  with  the  flow  field.  This  Is  of  special 
consideration  In  the  combustion  of  liquid  fuels  where  the-  proper  mixing  of  air  with 
the  fuel  dominates  the  combustion  and  the  formation  of  pollutant  emissions  /!/.  In  the 
context  of  a  major  research  program  directed  towards  the  understanding  of  the  phenomena 
governing  airblast  atomizers,  the  Influence  of  individual  parameters  such  as  the  shear 
stresses  driving  the  film  and  the  pressure  gradients  etc.  has  been  analysed  and 
correlated  yielding  the  droplet  size  distribution  as  generated  with  these  atomizers 
/If  2,3,^/.  In  continuing  this  work,  the  emphasis  of  the  present  study  is  extended 
towards  the  computation  of  the  mixing  of  the  liquid  fuel  with  the  air  under  prototype 
combustor  conditions.  Appropriate  models  are  clearly  necessary  for  the  selection  and 
arrangement  of  the  atomizers  and  their  matching  with  the  primary  as  well  as  the  secondary 
air  flow  within  a  flame  tube  or  In  premixing  regions.  For  reaching  the  optimal 
performance  of  the  atomizer  -l.e.  the  produced  droplet  size  spectra  —  It  is  necessary 
to  describe  the  motion  and  evaporation  of  the  liquid  phase  within  the  flow  fu  Id. 

Up  tc  now,  detailed  experimental  information  on  the  local  mixing  of  fuel  droplets  with 
air  under  conditions  found  in  gas  turbine  combustors  Is  scarce.  The  present  paper, 
therefore,  describes  measurements  of  the  local  liquid  concentration  and  the  local  size 
distribution  of  a  typical  two-phase  flow  behind  an  alrblaat  nozzle.  The  measurements 
are  primarily  Intended  to  provide  accurate  information  which  could  serve  as  a  data  base 
for  comparison  with  numerical  codes  recently  introduced  by  us  as  well  as  by  other 
research  gro/ps.  One  of  the  dominant  questions  was  whether  the  Interactive  coupling 
of  the  two  phases  must  be  considered  in  the  model.  In  addition  the  role  of  turbulence 
In  the  airflow  and  its  effect  on  the  droplet  motion  Is  of  major  Interest  as  this  is 
a  key  question  In  typical  combustor  flow. 

EXPERIMENTAL  SETUP 

A  schematic  view  of  the  entire  test  facility  for  the  experimental  investigations  is 
given  in  pigure  1.  Compressed  air  with  temperatures  up  to  600  K  is  supplied  by  a 
compressor  via  an  electrical  air  heater  and  passes  a  settling  chamber  before  leaching 
the  test  section  with  the  atomizer.  Following  the  test  section,  the  two-phase  flow  is 
separated  in  a  trap-box  before  entering  the  exhaust  fan.  All  temperature  and  pressure 
signals  are  recorded  by  a  KDP  11/34  mini-computer. 


Figure.  1:  Test  Facility  with  Data  Aqulsltlon 


Figure  2  gives  a  detailed  view  of  the  test  section  wl  ich  has  a  cross  sectional  area 
of  100  x  3^0  mm2,  a  prefilming  alrblast  nozzle  with  two-dimensional  character  is 
installed  into  t-ne  test  section  as  snown.  The  airflow  passes  though  four  slots,  two 
of  which  carry  the  film,  end  reaches  the  atomizer  edges.  The  liquid  flow  Is  controlled 
by  calibrated  volumeters.  It  is  admitted  to  the  atomizer  plate’s  surface  via  a  row  of 
holes  perpendicular  to  the  main  flow  direction,  thus  povldlng  homogeneous  flow 
distribution  along  the  plate’s  surface  (Figure.  2),  The  liquid  is  driven  to  the 
atomization  edge  by  the  shear  stress  at  the  phase  interface.  VM  th  the  aid  of  a  second 
air  stream  the  liquid  film  disintegrates  to  single  droplets. 
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The  length  of  the  air  gaps  Is  sufficient  to  ensure  fully  developed  flow  conditions  near 
the  atomization  edge.  The  relations  between  the  flow  parameters  within  the  nozzle  and 
the  dleintegration  of  the  liquid  film,  as  well  ar  the  formation  of  droplets  under 
comparable  flow  conditions  are  derived  from  our  earlier  studies  /2,3 , h / . 

The  flow  in  the  combustor  model  itself  ia  characterized  by  a  recirculation  zone  induced 
by  the  centerbcdy  of  the  nozzle.  Variations  of  the  charact ''rist ic  geometrical  parameters 
such  as  the  gap  and  centerbcdy  heights  are  possible,  leading  to  flow  fields  with 
differing  recirculation  zones.  In  order  to  obtain  characteristic  air  velocities  for 
droplet  formation,  as  well  as  typical  flow  fields  in  the  combustor  model,  proper 
adjustment  is  required.  Volumetric  mean  velocities  in  the  combustor  model  in  the  range 
from  f'  to  18  m/s  with  corresponding  mean  velocities  at  the  atomization  edge  from  30 
to  11*  j  m/s  were  achieved.  The  liquid  mass  flow  rate  was  scaled  to  the  air  macs  flow 
in  a,  typical  range  for  combustion  processes  to  provide  realistic  liquid-charged  air 
flows.  In  addition,  high  liquid  loads  (mair/^1  *  2)  were  produced  to  study  the  influence 
of  the  droplets  on  the  air  flow. 


Figure,  2;  2-D  Combustor  Model 


MkSASURKENT  TECHNIQUE  AND  DIAGNOSTICS 

A  systematic  approach  in  analyzing  the  flow  was  attempted:  In  the  first  step,  the  flow 
parameters  of  the  unloaded  air  Jets  -  l.e.  without  fuel  -  at  the  atomizing  edge  were 
recorded  in  defining  the  inlet  flow  conditions.  Using  a  five-hole  probe  of  2.9  mm  0D, 
profiles  of  the  velocity  distribution  In  the  duct  were  obtaind  at  eight  different  axial 
locations  This  data  is  of  predominant  interest  for  the  verification  of  the  numerical 
codes,  as  shown  later. 

In  the  second  phase,  the  droplet  diameter  distribution  and  liquid  concentrations  in 
the  loaded  air  flow  were  measured  using  an  optical  diffraction-type  particle  sizer 
(Malvern  Type  2600c)  /5/-  With  the  laser-beam  arranged  parallel  to  the  atomization  edge 
(see  Figure.  2),  the  measurements  provide  the  local  drop  size  distribution  as  well  as 
the  liquid  concentration,  assuming  the  flow  field  behind  the  nozzle  is  two-dimensional. 
In  order  to  avoid  side  wall  effects  on  the  droplet  motion,  only  the  central  regime  of 
the  atomization  edge  1 60  mm)  whs  wetted,  within  a  300  mm  wide  duct. 

Diffraction  light  measurements  of  drops  in  a  probe  volume  over  a  certain  time  period 
provide  time-averaged  diameter  distributions.  Due  to  the  velocity  differences  of  droplets 
with  different  diameters,  the  sampled  diameter  distribution  is  biased  towards  the  slower 
droplets,  as  previously  discussed  by  us  /C/  and  confirmed  later  by  Chin  et  al.  /?/. 
The  velocity  of  each  droplet,  size  class,  therefore,  Influences  the  results  of  the  local 
diameter  distribution,  which  is  weighted  by  the  concentration. 
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DROPLET  MOTION  AND  EVAPORATION. 

It  should  be  noted  th.it  the  main  purpose  of  the  present  study  was  not  to  provide  a  new 
model  for  the  calculation  of  droplet  motion  and  evaporation.  However,  using,  detailed 
know lege  of  the  atomization  process,  a  comparison  can  be  obtained  between  calculated 
and  measured  values  of  local  liquid  concentration  and  diameter  distribution  in  turbulent 
recirculating  flows,  thus  revealing  the  capabilities  of  the  codes  arid  the  importance 
of  the  determining  parameters.  Direct  comparison  between  predictions  and  measurements 
are  provided. 

The  elr  flow  field  In  the  combustor  model  Is  calculated  by  utilizing  a  Finite  Volume 
method  as  has  been  frequently  applied  in  solving  the  time  averaged  conservation  equations 
for  the  momentum  and  the  turbulence  quantities  k  and  e-  The  results  of  the  predictions 
include  the  field  quantities  of  the  velocity  components  as  well  os  pressure,  temperature 
and  turbulence  parameters. 

The  propagation  of  a  polydl3perse  spray  is  described  by  superposing  the  trajectories 
of  single  drcplets.  In  a  two-dimensional  arrangement  the  droplet  velocity  components 
and  trajectories  are  calculated  in  the  Lagrangian  domain  by  solving  a  system  of  four 
ordinary  differential  equations  (1-4)  /8/: 
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The  influence  of  the  turbulence  of  the  air  can  be  Incorporated  by  superposing  the  ti.ie 
mean  air  velocity  and  the  fluctuating  components  as  presented  by  ilcsman  et  el.  /iG/. 
Local  turbulence  quantities,  therefore,  arc  required.  The  interaction  time  of  r  droplel 
with  an  eddy,  which  is  charac terized  by  a  random  Instantaneous  velocity,  is  the  lower 
of  two  time  scales:  the  eddy  dissipation  time  given  b.v  llinze  /ll/  and  the  droplet,  trims?  t 
time  through  an  eddy.  The  transit  time  Is  estimated  from  a  simplified  linearised  equation 
of  motion  of  the  droplet  /10/. 

Tne  description  of  droplet  heating  and  evaporation  Is  added  to  the  computational  model 
using  two  equations.  This  equations  are  solved  separately  assuming  that  during  the  first, 
phase  the  droplet  Is  heated  to  an  equilibrium  temperature ,  followed  by  the  second  phase 
In  which  the  evaporation  process  causes  a  decrease  in  diameter.  ./  neglecting  evaporation 
during  the  heating  phase,  the  temperature  change  of  the  droplet  Is  determined  by: 
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dt  Pd  cPld  D1 

After  reaching  the  boiling  point  the  temperature  lomalm*  constant  and  the  diameter 
decreases  according  to  the  following  equation  (see  /12/); 
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Here  'Fr'  present  the  Froessllng  fact<.  *  which  describes  the  enhancement  of  heat  transfer 
due  to  forced  convection  /13/. 
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This  factor  is  comparable  to  corrections  used  by  other  authors  in  determining  the 
influence  of  forced  convection.  It  should  be  mentioned  that  other  evaporation  models 
were  tested  as  well.  In  the  context  of  the  present  paper,  however,  a  detailed  description 
is  not  possible. 

MODELLING  A  3 FRAY. 

In  modelling  a  spray,  the  liquid  volume  flow  Is  distributed  over  tne  various  initial 
conditions  at  the  atomization  edge.  For  each  combination  of  initial  conditions  at  least 
one  trajectory  is  calculated.  Experimental  results  show  that  the  liquid  volume 
concentrations  follow  a  normal  dlst rltutlon  over  the  spray  angle  F(&)  / 3/ .  For  each 
initial  direction,  the  volume  flow  is  divided  into  specified  size  classes  according 
to  a  diameter  distribution  function  M(d).  A  series  of  previous  investigations  at  our 
Ir  titute  have  shown  the  correspondence  between  the  air  flow  parameters  of  comparable 
nozzles  and  the  resulting  droplet  size  spectra.  Information  concerning  the  spray  angle 
has  also  been  provided  /2,3»J*»15/.  Measurements  of  the  liquid  film  thickness  / 3 / >  along 
with  the  liquid  flow  rate,  provide  the  mean  volumetric  film  velocity.  The  initial 
velocity  of  the  drops  is  assumed  to  be  close  to  the  film  velocity.  Thus  the  distribution 
of  the  liquid  volume  flow  leads  to  a  droplet  number  flow  rate  Z  for  each  trajectory: 


Z  (d, a)  =  F[a)  M{d) 


Vi/W 
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(13) 


The  droplet  number  flow  rate  determines  the  number  of  drops  leaving  the  atomizing  edge 
per  unit  time  and  unit  width  in  a  specific  angle  and  diameter  range.  A  typical  set  of 
initial  conditions  is  given  in  Figure  3.  In  this  way,  ’a  group  of  trajectories  (here 
2.10  trajectories)'  results  from  the  computation  of  one  trajectory  for  each  initial 
condition. 

Jn  calculating  the  local  diameter  distributions  and  concentrat ions ,  the  placement  of 
' observation  cells'  correspond  to  the  measuring  positions  as  shown  in  Figure  A. 

I-or  ail  observation  cells,  the  transit  times  of  the  droplets  are  determined.  The  number 
of  droplets  in  a  particular  diameter  class  in  one  cell  can  then  be  calculated  using 
the  a  pop  number  flow  rate  and  the  corresponding  transit  time  (I1.): 
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Figure  3.  Droplet  Initial  Conditions 
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As  vhe  diameter  along  the  trajectory  decreases,  the  number  N(d)  of  the  dropleta  Is 
related  to  the  corresponding  (lower)  size  class.  The  values  ol'  N(d)  arc  used  to  determine 
the  liquid  concent  rat  lor.  In  the  observation  cells  (1^): 


sc  =  £  (  KtVDl'-l.  )  (  I 'j, 

k=l 

After  the  spray  calculation  la  completed  -  i.o.  ’a  group  of  trajectories'  is  determined 
-  the  weighting  factor  for  the  liquid  volume  In  each  diameter  range  is  calculated  for 
each  observation  cell  (16): 


W  [d)  = 


1*  (d)  D 3 
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(16) 


Local  diameter  distributions  can  be  calculated  by  fitting  a  diameter  distribution  curve 
to  the  summed  values  of  W(d).  Here,  the  well  known  Hosin-Rammlcr  diameter  distribution 
Is  used  (17). 
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Two  characteristic  diameters  are  needed  to  completely  define  the  chosen  diameter 
distributions.  In  presenting  the  results,  the  volumetric  mean  diameter  Ij.jQ  and  a 
characteristic  diameter  for  small  droplets  F^q  are  used.  Again  it  should  be  noted  that 
the  calculated  distributions  as  well  as  the  measured  distributions  depend  on  the  velocity 
In  each  size  class. 

In  considering  turbulent  fluctuations,  the  computation  of  one  trajectory  for  each  initial 
condition  is  insufficient.  Despite  similar  initial  conditions,  turbulence  leads  to 
different  trajectories.  For  realistic  results,  a  larger  number  of  trajectories  for  each 
Initial  conditions  -  i.e.  several  ’groups  of  trajectories'  -  must  be  considered.  After 
each  complete  calculation  of  a  'group  of  trajectories',  the  mean  value  of  the  liquid 
concentration  Is  determined  taking  Into  account  the  data  from  preceding  rune.  This 
process  Is  repeated  until  the  difference  between  the  mean  values  in  each  observat ior. 
cell  is  within  a  chosen  tolerance-  The  diameter  distribution  Is  then  calculated  using 
the  above  curve-fitting  method. 


RESULTS 


As  has  been  shown,  local  flow  field  parameters  are  required  in  predicting  the  droplet 
motion.  This  data  is  obtained  using  a  two-dimensional  Finite  Volume  meth.  d  as  indicated 
earlier.  Accurate  calculations  of  the  flow  field,  therefore,  are  a  necessity. 

AIR  FLOW  MELD 


Data  obtained  by  the  measurements  in  eight  different  planes  are  shown  in  Figure  5  along 
with  the  corresponding  calculations.  These  results  reveal  the  typical  air  flow  field 
In  the  model  combustor.  High  velocities  are  obtained  behind  the  gaps  cf  the  nozzle  and 
a  recirculation  zone  is  present  with  high  velocity  gradients.  Further  downstream,  the 
velocity  gradients  decrease  rapidly  and  a  nearly  parallel  flow  field  is  obtained  at 
the  chamber  exit.  In  the  calculations  a  28*31  computational  grid  is  employed  along  with 
the  QUICK-scheme  /17/  for  the  discretization  of  the  convection  terms  in  the  momentum 
equations.  This  scheme  Is  completely  free  of  numerical  diffusion.  As  can  be  seen  from 
Figure  S,  the  agreement  between  measurement  and  calculations  Is  quite  encouraging.  The 
high  velocity  gradients  observed  in  the  Initial  planes  are  .accurately  calculated.  The 
velocities  within  the  recirculation  zone  are  slightly  underpredicted.  Comparisons  cf 
predicted  and  measured  flow  fields  with  different  boundary  conditions,  for  example, 
different  gap  heights  or  air  mass  flow  rates  show  comparable  results.  Together  with 
detailed  measurements  over  the  chamber  width,  the  results  verify  the  existence  of  a 
two-dimensional  air  flow  field  with  a  closed  recirculation  zone  in  the  combustor  model. 
After  verification  of  the  two-dimensionality,  it  is  possible  to  take  local  measurements 
of  the  dispersed  droplets. 


DROPLET  SIZE  MEASUREMENTS 


As  shown  in  Figure  k  droplet  size  m“ss,-irer>“r*-s  were  f 

downstream  from  the  nozzle  as  indicated:  The  first  four  planes  are  located  In  the  region 
with  strong  forward  and  reverse  flow.  The  study  of  the  droplet-charged  airflow  was 
performed  in  two  phases.  First,  in  analyzing  the  droplet  motion  detailed  measurements 
were  taken  using  water  as  the  experimental  liquid.  In  the  second  step.  Ethanol  was  used 
under  cold  and  hot  air  flow  conditions  to  study  the  evaporation  processes. 

The  experiments  with  water  demonstrate  that,  the  local  liquid  concentrations  are 
proportional  to  the  liquid  flow  rate  under  constant  inlet  air  velocities  and  geometric 
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Uj  =  60m/s  —  »■  Prediction  {Quick  -  Scheme) 


hj=4mm  *  — =- Measurement 
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100  m/s 

Vertical  -  velocity 


100  m/s 


Figure  5:  Comparison  between  Predicted  and  Measured  Flo-  Field  Parameters 
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conditions.  As  the  liquid  concentration  depends  largely  on  the  droplet  veloctity,  which 
in  turn  is  a  function  of  the  air  velocity,  it  follows  that  the  air  flow  field  is  not 
altered  by  higher  liquid  flow  rates.  In  other  words,  the  momentum  transfer  to  the  air 
from  the  droplets  is  small  under  the  conditions  chosen.  Based  on  these  results,  the 
effects  of  the  droplets  on  the  air  flow  are  neglected  in  the  following  analysis.  However, 
close  attention  is  paid  to  the  influence  of  the  air  turbulence  on  the  droplet  motion. 

In  extending  the  measurements.  Ethanol  was  used  as  the  test  fluid  due  to  its  high 
evaporation  rate.  The  local  liquid  concentrations  in  the  combustion  chamber  at  an  air 
temperature  of  320  K  are  presented  in  Figure  6  with  the  highest  concentrations  occuring 
close  to  the  atomization  edge.  The  concentration  decreases  rapidly  toward  the  center 
of  the  chamber  (recirculation  zone).  Furthermore,  the  concentration  becomes  more  uniform 
over  the  chamber  height.  Along  with  the  measurements,  results  are  presented  from 
calculations  of  210  trajectories  for  a  'group  of  trajectories'.  Here,  turbulence 
fluctuations  are  not  yet  considered.  As  can  be  seen,  the  concentrations  within  the  outer 
regions  of  the  duct  are  overpredicted  whereas  zero  concentrations  are  obtained  in  the 
recirculation  zone. 


Ethanol 

us  *  60  m/s 
hj  s  4  mm 
V,  /W  =  1  em’/s 


Air  -  Temperature:  320  K 
V,  /VAir  =  0,0203  "/o 
O  Measurement 
Prediction 

—  wiih  Turbulence 
- without  Turbulence 


Figure  6:  Predicted  and  Measured  Local  Liquid  Concentrations  -  Influence  of  Turbulence 


The  predictions  are  clearly  improved  by  the  Inclusion  of  turbulent  fluctuations. 
Concentrations  and  gradients  calculated  by  the  computational  model  described  above, 
show  good  agreement  with  measurements.  Local  diameter  distributions  can  only  be 
calculated  when  turbulence  is  considered:  The  turbulent  fluctuations,  together  with 
a  higher  number  of  calculated  trajectories,  provide  a  sufficient  number  of  droplets 
in  each  size  class  in  the  observation  cells.  A  comparison  of  predicted  and  measured 
diameter  distributions  Is  given  in  Figure  7.  As  s.iown  by  the  characteristic  diameters 
Dio  and  °50  the  recirculation  zone  Is  predominantly  occupied  by  smaller  droplets  because 
of  the  turbulent  dispersion,  while  the  forward  flow  region  is  dominated  by  larger 
droplets.  The  initial  conditions  at  the  atomizer  were  determined  using  our  earlier 
correlations  /15,l8/.  With  60  m/s  mean  air  velocity  at  the  atomization  edge  and  using 
the  surface  tension  of  Ethanol,  the  initial  drop~size  spectrum  is  described  by  the 
characteristic  parameters  D^q  -  19  um  and  Dgp  =  52  pm.  Measurements  as  well  as 
calculations  reveal  changes  in  the  local  size  distribution  relative  to  the  initial  size 
distribution,  which  is  caused  by  different  inertia  of  the  various  drop  size  classes. 
The  good  agreement  of  predicted  and  measured  diameter  distributions  shown  in  Figure 
7,  in  addition,  indicates  accurate  predictions  of  the  local  droplet  velocities  in  each 
size  class.  The  width  of  the  local  size  spectra  in  each  measuring  plane  is  illustrated 
by  the  distance  between  the  lines  of  the  characteristic  diameters.  As  indicated  in 
Figures  6  and  7  the  droplet  motion  can  be  calculated  with  sufficient  accuracy  as  long 
as  turbulent  fluctuations  are  taken  into  account. 
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Figure  7:  Local  Diameter  Distributions  -  Prediction  and  Measurement 

Similar  measurments  were  made  under  Identical  geometric  conditions  at  an  elevated 
temperature  level  (520  K).  Due  to  the  lower  density  of  the  driving  air  the  size  spectrum 
of  the  droplets  produced  Is  shifted  towards  larger  diameters  (Dio  =  25  Pm  and  D50  “ 
65  um)  according  to  the  relation  D*>  (  l/pi)0-5as  already  mentioned  by  other  authors 
/18,19/.  Figure  8  Illustrates  the  typical  behaviour  of  two  evaporating  droplets,  water 
and  Ethanol,  at  520  K  under  simplified  flow  conditions.  It  Is  clear  from  this  example 
that  the  diameter  decreases  rapidly  for  Ethanol  within  the  length  of  the  test  section 
(tOO  mm) . 


Figure  8:  Evaporation  of  Water  and  Ethanol  Droplets 
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For  hot  air  flow  conditions  local  size  distributions  within  the  combustion  chamber 
obtained  from  computations  and  measurements  are  compared  in  Figure  9*  The  drop  size 
distributions  in  this  Figure  show  larger  characteristic  diameters  than  under  cold  flow 
conditions.  One  reason  for  this  is  that  the  initial  diameters  are  larger  and  in  addition, 
the  smaller  droplets  evaporate  faster.  The  computational  results  presented,  again  account 
for  turbulent  fluctuations.  The  computation  of  the  local  diameter  distribution  at  the 
elevated  temperature,  indicating  that  the  employed  evaporation  model  is  of  sufficient 
accuracy  at  the  conditions  chosen  . 


Ethanol 

ut  =  60  m/s 
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Figure  9:  Local  Diameter  Diatrlbutlons 


CONCLUSIONS 

The  results  of  the  present  study  Illustrate  that  in  utilizing  well-known  principles 
lr  describing  the  droplet  motion  and  evaporation  the  important  parameters  of  the  typical 
cc.nbustor  two-phase  flow  can  be  accurately  computed.  Detailed  measurements  confirm  the 
chosen  methodology:  The  numerical  code  allows  the  calculation  of  the  motion  and 
evaporation  of  droplet  clouds  in  the  turbulent  flow  field  starting  from  the  initial 
conditions  determined  by  the  fuel  nozzle.  In  addition,  local  fuel  vapor  sources  can 
be  obtained  in  the  entire  flow  regime  which  can  be  used  for  subsequent  combustion 
calculations.  Good  agreement  between  experiment  and  theory  has  been  obtained  over  a 
broad  range  of  parameters,  i.e.  temperature  ,  flow  velocities  and  fuel  concentration. 
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DISCUSSION 


G.Faeth,  US 

I  have  a  suggestion.  Your  calculation  method  assumes  Stokes  flow,  which  most  droplets  do  not  satisfy.  In  our  work  we 
have  found  it  easier  to  calculate  trajectories  by  determining  the  interactions  from  the  full  drag  characteristics  of  the  flow 
and  you  might  want  to  try  that. 

J.Peters,  US 

Could  you  comment  on  any  corrections  needed  when  using  the  forward  scattering  system  while  evaporation  was 
occurring? 


Author’s  Reply 

We  used  the  corrections  for  the  lower  angles. 
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SUMMARY 

The  velocity  and  turbulence  levels  downstream  of  eight  variations  of  a  model  gas 
turbine,  aerating,  fuel  nozzle  have  been  measured.  The  nozzle  configurations  were 
assemblies  which  purposefully  altered  the  airflow  through  the  nozzle  by  mis-aligning 
swi tiers,  changing  the  number  of  vanes  in  a  swirler  or  contouring  swirl  vane  trailing 
edges.  Data  were  acquired  by  a  traversing,  two-component  laser  velocimeter  in  planes 
0.060  in.  and  2.50  in.  downstream  from  the  nozzle  exit.  Analyses  of  these  data  indicated 
that  very  symmetric  flowfields  can  be  produced.  Such  control  was  easier  to  achieve  for 
the  airflow  than  the  fuel,  supporting  the  position  that  nozzle  patternation  quality  is 
more  dependent  on  the  fuel  distribution  in  tho  nozzle.  The  presoncc  of  swirler  wakes 
could  always  be  discerned  at  the  nozzle  exit;  the  extreme  variations  imposed  by  coarse 
swirlers  could  dominate  the  flow.  Such  airflow  influences  were  not  apparent  in  the 
velocity  profiles  at  downstream  locations.  However,  their  influence  in  convecting  a 
higher  fuel  mass  flux  persisted  from  the  nozzle  exit  and  produced  extreme  variations  in 
the  spray  pattern. 


INTRODUCTION 

Gas  turbine  combustors  are  complex  devices.  While  apparently  mechanically  simple, 
they  contain  a  very  hostile  environment;  pressures  exceed  20  atmospheres  and  temperatures 
exceed  4000  F.  The  flow  is  multi-phase,  three-dimensional,  turbulent,  at  times  grossly 
unsteady,  and  reacting.  Advances  in  computational  fluid  dynamics  are  helping  to  under¬ 
stand  the  role  of  key  processes  in  the  burner  but  to  date  this  knowledge  is  not  suffi¬ 
ciently  based  to  permit  final  definition  of  the  device  without  developmental  testing. 

The  spray  formed  by  the  fuel  nozzle  can  exhibit  a  strong  influence  on  the  performance, 
durability  and  operability  of  the  combustor.  Highly-atomized,  well-distributed  sprays 
are  desired  both  to  achieve  high  performance  levels  and  to  avoid  temperature  regions 
which  might  distress  components  of  the  burner  and  turbine.  In  contrast,  some  level  of 
fuel-air  non-uniformity  it,  necessary  to  achieve  adequate  light-off  and  stability  charac¬ 
teristics.  It  is  not  known  how  to  specify  the  spray  requirements  to  satisfy  all  these 
demands.  Further,  even  if  limited  criteria  were  established,  a  complete  set  of  nozzle 
design  guidelines  does  not  exist  which  would  assure  meeting  the  goal3. 

Most  modern  gas  turbine  combustor  systems  use  an  aerating  fuel  nozzle.  In  such  a 
device,  the  fuel  is  injected  as  a  thin  annular  sheet  with  high  velocity  airflows  adjacent 
to  both  the  inner  and  outer  surfaces  of  the  sheet.  Unlike  a  pressure-atomizing  nozzle, 
the  aerating  nozzle  (sometimes  referred  to  as  an  airblast  nozzle)  does  not  rely  upon 
achieving  a  high  fuel  velocity,  as  produced  by  a  high  fuel  path  pressure  loss,  to  atomize 
and  distribute  the  liquid.  Rather  these  responsibilities  are  assigned  to  the  airflows 
which  shear  the  fuel  film  and  carry  the  droplets  along  the  airflow  trajectory.  The 
airflows  are  driven  by  the  pressure  drop  established  by  the  combustor  liner;  for  a 
nominal  3-pct-loss  liner,  airflow  velocities  in  excess  of  350  ft/sec  would  be  produced  at 
a  high  power  condition.  Because  the  aerating  nozzle  performance  principally  depends  on 
the  airflow  and  not  the  fuel  flow,  it  has  demonstrated  the  ability  to  achieve  high  levels 
of  atomization  for  wide  ranges  of  fuel  flowrate  and  with  relative  insensitivity  to  the 
properties  of  the  fuel.  Both  of  these  features  represent  distinct  advantages  over  the 
pressure-atomizing  nozzle.  In  contrast,  the  aerating  nozzle  promotes  a  coupling  between 
the  air  and  fuel  flowrates  which  can  be  disadvantageous.  For  example,  atomization  and 
distribution  are  harder  to  achieve  at  light-off  conditions,  and  this  coupling  could 
result  in  undesirable  heat  release  profiles  for  transient  operation.  Since  the  nozzle 
uses  a  delicate  balance  of  air  and  fuel  momenta  to  achieve  atomization  and  distribution 
characteristics,  it  also  displays  a  greater  sensitivity  to  improper  design  and  manufac¬ 
turing  practices;  non-symmetr ic  sprays  can  easily  result. 

A  previous  UTRC  study,  sponsored  by  the  USAF  Aero-Propulnlon  Laboratory  and  USN 
Naval  Air  Propulsion  Center,  documented  the  influences  of  design  and  manufacturing 
practices  on  the  circumferential  uniformity  of  the  spray  formed  by  an  aerating  nozzle. 
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Detailed  liquid  patternation  data  were  acquired  for  33  nozzle  configurations  including 
nine  which  purposely  imposed  alterations  on  the  nozzle  airflow  patterns.  This  paper 
reports  the  results  of  a  complementary  study  which  focused  on  measuring  the  airflow 
velocities  for  eight  of  those  airflow  configurations,  and  relating  the  results  to  the 
fuel  patterns  produced  by  them.  Data  were  acquired  for  the  three  velocity  components, 
the  normal  turbulent  stresses  and,  for  some  cases,  the  correlated  Reynolds  stress  in 
planes  0.060-in.  and  2.50-in.  downstream  from  the  nozzle  exit. 

PREVIOUS  STUDY 

The  sensitivity  of  aerating  nozzle  performance  to  design  and  manufacturing  practices 
was  studied  at  UTRC  by  documenting  the  spray  patterns  produced  by  a  Baseline  and  32  other 
configurations  of  a  model  aerating  nozzle  (Ref.  1).  Detailed  patternation  data  were 
acquired  by  use  of  a  unique  sampling  system  to  determine  critical  influences  on  spray 
circumferential  uniformity.  The  model  nozzle  used  in  this  study  (Fig.  1)  was  sized  as  a 
nomimally  850  Ib/hr  fuel  flow  device  which  delivered  inner  and  outer  clockwise  swirled 
airstreams  on  either  side  of  the  annular  fuel  sheet.  Alternative  forms  of  each  of  the 
seven  components  indicated  in  the  figure  were  assembled  to  provide  the  33  configurations. 
Fuel,  delivered  to  the  nozzle  by  two  0.050-in.  ID  tubes,  filled  the  plenum  formed  by  the 
core  air  pipe  and  swirl  chamber.  Clockwise  swirl  was  imparted  to  the  fuel  by  passing  it 
through  a  swirler  constructed  from  a  metal  ring  with  six  equally-spaced,  canted  slots 
machined  on  the  outer  edge.  The  swirler  and  swirl  chamber  components  were  machined  and 
piloted  to  avoid  flow  past  the  endwalls.  The  fuel  exit  area  ("pinch  point  gap")  was 
defined  by  the  tip  of  the  core  air  pipe  and  the  position  of  the  filming  lip  of  the  swirl 
chamber,  A  spacer  provided  the  means  to  alter  this  gap,  with  different  thickness  devices 
directly  changing  the  gap  width  and  wedge-9haped  spacers  producing  misaligned  components. 
The  outer  airflow  was  swirled  by  curved  vanes  with  a  final  turning  angle  of  50  deg.  The 
endcap  imparted  a  radial-inflow  component  to  this  stream;  a  velocity  vector  normal  to  the 
minimum  flow  area  formed  a  60-deg  angle  with  the  nozzle  axis.  The  inner  swirler  also 
contained  50-deg  vanes.  The  core  air  pipe  exit  wan  a  0.44-in.  dia  circular  area;  the 
aircap  exit  was  a  0.91-in.  dia  circle. 

The  configurations  studied  imposed  alterations  on  eight  nozzle  features  including: 
(1)  Fuel  exit  annulus,  (2)  Fuel  swirl  chamber  angular  alignment,  (3)  Fuel  filming  lip 
shape,  (4)  Fuel  filming  lip  imperfections,  (5)  Fuel  swirler  strength  and  obstruction,  (6) 
Number  of  airflow  swirler  vanes,  (7)  Outer  airflow  swirler  angular  alignment,  (8)  Outer 
airflow  swirler  trailing  edge  shape. 

A  detailed  discussion  of  the  role  of  each  of  these  alterations  on  fuel  circumfer¬ 
ential  uniformity  can  be  found  in  the  above  reference.  In  general,  it  was  concluded  that 
the  fuel  exit  annulus  was  a  critical  feature  ir  achieving  symmetric  spray  patterns.  A 
very  uniform  gap  wa*  .  ;*ured  to  achieve  a  hi^n  quality  spray?  non-uniform  gaps  resulted 
in  non-symmetric  s**  hich  could  not  easily  be  corrected  by  airflow  alterations.  Such 

gap  variations  wei  ;ed  either  by  translating  the  core  air  pipe  or  by  ovalizing  its 

exit  shape  (Fig.  2).  Results  from  these  and  other  configurations  were  the  basis  of  the 
conclusion  that  the  concentricity  of  a  nominal  0.040-in.  wide  gap  ought  to  be  controlled 
to  within  0.002  in.  and  component  angular  misalignments  kept  below  2  deg  to  produce 
acceptable  patterns.  While  these  tolerances  may  be  easy  to  achieve  in  the  nozzle  design, 
manufacturing  and  assembly  practices  must  assure  retaining  them.  Airflow  influences  had 
a  generally  lesser  impact  on  fuel  patternation  although  severe  non-uniformities  can  be 
imposed  by  poorly  designed  airflow  management  components. 

These  several  features  are  illustrated  in  Fig.  3  which  contains  contour  plots  of 
sprays  formed  by  the  Baseline  (Fig.  3a),  an  ovalized  fuel  gap  configuration  (Fig.  3b),  a 
mis-aligned  aircap  configuration  (Fig.  3c)  and  an  altered  outer  airflow  swirler  config¬ 
uration  (Fig.  3d).  The  Baseline  contained  symmetric  components,  aligned  to  the  best 
degree  achieved  in  the  study,  with  the  ovalized  unit  containing  a  core  air  pipe  as  shown 
in  Fig.  2..  The  deviations  of  the  major  and  minor  axes  from  circular  produced  a  fuel  gap 
variation  of  0.040  +0.003/-0.002  in.  The  outer  aircap  was  mis-aligned  by  2.5  deg  in  the 
third  configuration.  The  fourth  configuration  resulted  from  removing  alternate  vanes 
from  the  14-vane  outer  air  swirler.  The  contour  plots  represent  the  fuel  mass  flux 
distribution  in  a  plane  2.5-in.  downstream  from  the  nozzle  as  obtained  in  tests  with  the 
UTRC  Ambient  Spray  Test  Facility.  The  fuel  and  air  flowrates  used  were  scaled  from  a 
high  power  condition  by  both  matching  the  air  velocity  and  perserving  the  fuel-to-air 
momentum  ratio.  An  automated  patternation  system  (Ref.  2)  collected  samples  at  ten 
radial  positions  for  10-deg  increments  around  the  spray?  360  samples  were  collected  in 
the  2-in.  dia  spray.  The  contour  plots  of  Fig.  3  display  lines  of  equal  fuel  mass  flux. 
The  quality  of  circumferential  uniformity  achieved  in  the  spray  was  assessed  by 
considering  the  variation  of  the  fuel  flux  contained  in  a  45-deg  sector  of  the  spray?  the 
consideration  of  this  and  other  criteria  are  discussed  in  Ref.  2.  Near  axi-symmetric 
spray  patterns  were  acheived  for  the  Baseline  while  gross  non-uniformities  resulted  from 
seemingly  minor  variations  of  the  fuel  gap.  Comparison  with  a  nozzle  manufacturing 
acceptance  limit,  indicated  that  the  Fig.  3b  pattern  was  marginally  unacceptable.  This 
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and  other  results  led  to  concluding  that  fuel  gap  concentricity  must  be  controlled  to 
within  0.002  in.  The  rais-aligned  aircap  appeared  to  divert  the  fuel  off  axis  while  the 
pattern  produced  by  the  altered  airflow  swirler  configuration  displayed  seven  regions  of 
high  fuel  mass  flux  in  direct  correspondence  with  the  removal  of  the  seven  swirler  vanes 
The  spray  quality  criteria  would  not  accept  the  diverted  airflow  pattern  but  pass  the 
"seven-island"  profile.  These  last  two  assemblies  were  among  those  which  emphasized  an 
airflow  variation.  Detailed  study  of  the  airflow  directly  ought  to  aid  in  interpreting 
these  liquid  fluxes;  that  was  a  goal  of  the  complementary  study. 

It  should  be  noted  that  the  influence  of  airflow  on  a  spray  pattern  is  not  limited 
to  an  aerating  device.  That  is,  while  a  pressure-atomizing  nozzle  primarily  depends  on 
the  fuel  pressure  drop  for  atomization  and  distribution,  airflow  influences  can  be 
present.  Figure  4  depicts  fuel  mass  flux  contours  for  an  in-service  aircraft  duplex 
nozzle  when  evaluated  with  fuel  spray  alone  and  with  both  spray  and  a  minute  airflow 
directed  across  the  nozzle  face.  This  latter  airflow  is  commonlj  used  to  prevent  mists 
from  wetting  the  nozzle  and  building  carbon  deposits.  In  this  case,  the  airflow  was 
0.1  pet  of  the  total  airflow  to  this  can  combustor.  More  importantly,  this  anti- 
carbonlng  air  was  directed  by  a  cap  which  was  secured  to  the  nozzle  by  six  short  struts. 
The  influence  of  this  "minor"  airflow  and  the  presence  of  these  struts  is  quite  evident 
in  the  second  spray  pattern. 


TEST  PROGRAM 

The  focus  of  this  effort  wa3  to  measure  and  interpret  air  velocity  and  turbulence 
levels  for  the  model  nozzle  configurations  which  imposed  variations  on  the  nozzle 
airflow.  The  alterations  emphasized  the  following  three  features  (Baseline  and  altered 
components  are  indicated). 

1.  Airflow  Alignment 

a.  Baseline;  Perfectly  axially  aligned 

b.  Variation:  Endcap  and  outer  swirler  were  canted  2.5  deg  from  the  nozzle 
axis 

2.  Number  of  Swirler  Vanes 

a.  Baseline:  Inner-6  vanes;  outer- 14  vanes 

b.  Variation:  (1)  Three-vane  inner  swirler  achieved  by  removing  alternate 
blades.  (2)  Seven-vane  outer  swirler  swirler  achieved  by  removing  alternate 
blades.  (3)  Tandem  combinations  of  six  vene  swirlers. 

3.  Air  Swirler  Trailing  Edge  Shape 

a.  Baseline:  Rounded  trailing  edge 

b.  variation:  (1)  Square  or  (2)  knife-edge  shape 

Including  the  original  Baseline  and  a  modif ied-Baseline  to  accept  the  tandem  core 
swirlers  (2.b.3  above),  eight  nozzle  assemblies  were  documented.  The  test  apparatus  used 
in  this  study  consisted  of  a  conventional  air  supply  system,  a  velocimeter  system,  and  a 
precision  positioning  system.  All  of  the  tests  were  conducted  in  the  UTRC  Jet  Burner 
Test  Stand  with  the  airflow  discharging  into  the  atmosphere;  the  nozzle  airflow  pressure 
drop  was  held  constant  at  7-in.  H20.  Measurements  included  axial,  radial  and  tangential 
velocities  and  normal  turbulent  stresses;  in  some  cases  correlated  axial-radial  and 
axial-tangential  Reynolds  stress  were  also  obtained.  These  measurements  were  performed 
along  5-deg  increment  circumferential  traverses  at  typically  nine  radial  positions.  Such 
measurements  were  performed  in  a  plane  0.060-in.  downstream  of  the  nozzle  for  every 
configuration;  they  were  also  obtained  in  a  plane  2.5-in.  downstream  for  limited 
conf igurations .  Table  1  indicates  the  type  and  location  of  data  acquired  for  the  eight 
configurations;  the  identification  number  is  the  one  retained  from  the  original  liquid 
patternation  study. 

Table  1  Airflow  Data  Sets 


Configuration  Data  Plane, z  (in.)  Data  Type 


1 . 

Baseline 

0.060, 

2.50 

Uz,Ur,09,u£,u',uS,SJSJ,^ 

8. 

Mis-aligned  endcap 

0.060 

"z'ur'u0'ui'ur'u0 

18. 

Reduced  outer  vanes 

0.060, 

2.50 

l,z'ur'°e'uz'ur,ae 

17. 

Reduced  inner  vanes 

0.060, 

2.50 

uz' Wui'ur>u0 

23. 

Extended  core  Baseline 

0.060, 

2.50 

uz'Dr'u0'uz'ur>u0'uiur'uiue 

31. 

Tandem  inner  swirler 

0.060 

°z '  ur  '°6  'ui  'UJ  *ue '  uzur  -  "IS 

19. 

Square-edge  outer  swirler 

0.060 

uz-ur'tVuz'ur'ue'uiur >uiue 

20. 

Knife-edge  outer  swirler 

0.060 

uz'ur,ue’uz,ur'u0 ’uzur’uzue 
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The  velocity  measurements  were  made  using  a  TSI  Model  9100-7,  two  channel 
velocimeter.  A  two-watt  argon-ion  laser  was  used  with  frequency  shifting  by  Bragg  cells 
in  both  the  blue  and  green  beams  to  permit  resolution  of  negative  velocities.  When  used 
in  the  coincidence  mode,  the  coincidence  window  was  set  to  approximately  10  microseconds 
Processor  parameter  settings  were  optimized  for  the  velocity  ranges  of  interest: 


Channel 


Blue 


Green 


Measured  component 
Velocity  range 
Bragg  shift 
Hi  filter 
Low  filter 
Cycles/burst 


Axial 

-20  to  +200 
10  MHz 
30  MHz 
3  MHz 
2**4 


Tangential  or  Radial 
-200  to  +200 
40  MHz 
Off 

10  MHz 
2**5 


The  seed  material  was  titanium  dioxide  having  a  characteristic  size  less  than 
1  micron.  Standard  seeding  techniques  were  used  with  the  seed  being  introduced  far 
upstream  from  the  model  nozzle.  Seed  rates  were  adjusted  to  achieve  processor  count 
rates  of  100  to  300  Hz.  In  order  to  perform  the  measurements  as  close  to  the  nozzle  face 
as  possible,  a  small  beam  convergence  angle  (1.67  deg)  for  the  rays  in  the  plane  normal 
to  the  injector  face  {i.e,  axial  velocity)  was  used,  producing  an  elongated  probe  volume. 
As  a  consequence,  off-axis  collection  optics  were  required  to  achieve  the  desired  spatial 
resolution.  A  forward-scatter,  30-deg  off-axis  system  was  used  with  the  collection 
optics  mounted  rigidly  to  the  velocimeter  platform. 

Figure  5  depicts  the  geometric  orientations  used  to  acquire  the  data.  A  flange  on 
the  aircap  was  used  to  mount  the  nozzle  on  the  end  plate  of  a  cylindrical  plenum.  This 
assembly  was  mounted  on  a  stepper-motor-driven  rotary  table  (0.02  deg/step  resolution)  in 
a  manner  to  precisely  align  the  nozzle  axis  with  the  axis  of  revolution.  The  velocimeter 
was  always  oriented  with  the  blue  beams  producing  fringe  patterns  normal  to  the  nozzle 
face,  and  the  green  beams  producing  fringe  patterns  parallel  to  the  face  and  oriented  to 
measure  a  vertical  velocity.  Hence  the  blue  beams  always  sensed  the  axial  velocity 
component  (Uz).  If  the  measurement  volume  was  place  on  the  y-axis,  the  green  beams 
sensed  the  radial  velocity  <Ur).  If  the  measurement  volume  was  placed  on  the  x-axis, 
the  green  beams  sensed  the  tangential  velocity  (U0).  Then  locating  the  velocimeter  at 
a  point  on  the  y-axis  permitted  measurement  of  Uz  and  Ur,  which  could  be  followed  by 
nozzle  rotation  by  90  deg  to  place  the  point  on  the  x-axis,  and  translation  of  the 
velocimeter  for  measurement  of  Uz  and  Ue-  The  redundant  measurement  of  Uz  provided 
a  checK  to  assure  the  same  point  was  being  interrogated.  in  practice,  data  were  acquired 
for  circumferential  traverses  of  the  flow  as  achieved  by  rotating  the  nozzle  in  5-deg 
increments  for  each  of  eight  radial  positions.  Data  from  all  radial  placements  of  the 
measurement  volume  along  one  axis  were  first  acquired,  followed  by  repeat  circumferential 
traverses  with  the  volume  on  the  second  axis.  A  numerically-controlled  milling  machine 
bed  was  used  to  position  the  velocimeter.  The  actuation  of  this  bed  and  the  rotary 
table,  and  the  collection/storage  of  the  velocimeter  data  were  governed  by  an  Apple  He 
microcomputer  equipped  with  128K  of  RAM.  Reference  marks  were  used  to  initialize  the 
rotary  table;  a  fine  wire  target,  inserted  into  the  nozzle  precisely  on  its  centerline, 
was  used  to  zero  the  position  of  the  velocimeter.  Operation  of  the  system  was  completely 
automated;  approximately  30  sec  were  required  to  acquire,  process  and  store  data  for 
512-point  PDFs  on  each  of  the  two  channels,  and  to  position  the  equipment  to  the  next 
measurement  station. 


TEST  RESULTS 

The  test  program  described  above  studied  eight  model  aerating  nozzle  configurations 
in  order  to  determine  the  airflow  characteristics  produced  by  them.  The  magnitude  of 
data  collected  for  tne  twelve  measurement  planes  indicated  in  Table  1  is  too  great  to 
fully  discuss  in  this  single  paper.  The  focus  here  will  be  to  describe  many  features 
of  the  airflow  established  by  the  Baseline  configuration  and  then  to  describe  how  the 
subsequent  nozzle  configurations  altered  it.  Detailed  analyses  of  the  turbulence 
properties  of  these  flows  will  be  considered  in  another  publication. 

Baseline  Configuration  Airflow 

The  airflow  produced  0.060-in.  downstream  from  the  Baseline  configuration  is 
represented  by  the  isometric  contour  plots  depicted  in  Fig.  6.  The  first  row  of  contours 
reflect  the  data  acquired  for  numerous  circumferential  traverses  with  the  measurement 
volume  located  to  sense  axial  and  tangential  velocities;  the  second  row  reflects  measure¬ 
ments  for  axial  and  radial  velocity.  Data  for  the  first  plot  of  each  row,  axial 
velocity,  were  obtained  independently  and  indicate  the  degree  of  repeatability  achieved 
in  the  measurement  and  positioning  systems.  While  only  qualitative,  these  profiles 
convey  an  important  sense  of  the  complex  flow  exiting  this  nozzle.  All  of  the  profiles 
were  nearly  axisymmetric  as  expected,  with  regions  of  high  turbulence  generation 
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occurring  in  the  outer  shear  layers.  These  and  other  features  are  quantified  by  the 
plots  contained  in  Fig.  7  which  display  the  circumferentially-averaged  values  for  the 
velocity  and  turbulence  measurements  at  each  radial  station.  The  "error  bars"  indicate  a 
one  standard  deviation  limit  of  the  72  data  averaged  at  each  radius. 

These  average  radial  profiles  demonstrate  the  high  degree  of  axisymmetry  achieved 
and  indicate  the  magnitude  of  the  measured  quantities.  The  axial  velocity  was  center 
peaked  and  therefore  gave  no  indication  that  the  swirl  generated  by  this  nozzle  produced 
a  center  recirculation  zone.  Axial  velocities  approaching  170  ft/sec  were  in  agreement 
with  the  airflow  pressure  loss.  Integration  of  the  axial  velocity  over  the  nozzle  area 
determined  the  air  massflow  distribution  and  hence  provided  another  indicator  of  flow 
uniformity.  Following  the  practice  for  fuel  spray  distribution,  the  percentages  of  flow 
in  45-deg  sectors  were  calculated;  the  highest  was  less  than  12.6  pet,  extremely  close  to 
the  ideal  value  of  12.50  pet.  The  airflow  uniformity  was  in  fact  much  better  than 
observed  for  the  spray  results  for  this  configuration  (depicted  in  Fig.  3a).  The  spray 
analysis  found  up  to  13.8  pet  of  the  fuel  in  one  sector  despite  attempts  to  precisely 
control  both  the  air  and  fuel.  Since  the  velocity  measurements  indicated  that  a  high 
degree  of  airflow  control  was  achieved,  the  spray  pattern  variations  must  have  resulted 
from  fuel  path  effects.  Even  with  fuel  annular  gap  variations  less  than  0.001  in.  a 
noticably  nonuniform  pattern  was  produced.  This  conclusion  is  consistent  with  the 
finding  cited  above  that  the  fuel  gap  does  have  a  strong  influence  on  circumferential 
uniformity. 

Positive  tangential  velocities  indicated  the  expected  clockwise  (viewing  downstream) 
swirl.  In  the  outer  regions  of  the  flow  the  tangential  velocities  greatly  exceeded  the 
axial  velocities  with  the  opposite  relation  near  the  center.  Together  the  axial  and 
tangential  velocities  were  used  to  calculate  local  swirl  angles  and  a  swirl  number  for 
the  flow.  The  radial  variation  of  swirl  angle  for  the  Baseline  is  depicted  in  Fig.  8. 

The  depicted  swirl  angle  was  calculated  from  a  horizontal  traverse  across  the  nozzle  at  a 
downstream  distance  of  0.060  in.  Because  of  the  geometry  and  velocity  relationships,  the 
clockwise  swirl  was  discerned  as  a  positive  swirl  angle  along  the  negative  x-axis  and  as 
a  negative  swirl  angle  along  the  positive  x-axis;  in  fact,  the  entire  flow  was  swirling 
clockwise.  The  calculated  angle  was  near  to  tne  measured  vane  turning  angle  (50  deg)  for 
the  outer  regions  decaying  to  much  lesser  levels  near  the  core.  The  swirl  number,  often 
used  as  an  indicator  of  vortex  breakdown  in  the  flow,  is  the  ratio  of  the  angular 
momentum  and  the  product  of  the  axial  thrust  and  a  characteristic  radius.  The  swirl 
number  calculated  for  this  configuration  was  based  on  the  ratio  of  angular  momentum  to 
axial  momentum;  no  account  was  made  of  the  pressure  thrust.  Based  upon  the  radius  at 
which  the  axial  velocity  dropped  to  zero,  the  swirl  number  was  0.62.  There  are  various 
definitions  and  approximations  to  the  swirl  number  (Ref.  3);  for  some  cases  a  vortex 
breakdown  and  resulting  central  recirculation  zone  would  be  expected  for  this  calculated 
swirl  number.  Such  a  separation  was  not  evident  indicating  such  a  single  parameter  did 
not  sufficiently  characterize  these  complex  swirling  flows. 

Positive  radial  velocities  indicated  flow  directed  toward  the  centerline  of  the 
nozzle.  The  radial  velocities  (Figs.  6  and  7)  were  much  lower  than  the  others  and 
registered  a  greater  variation  in  magnitude  (i.e.r  greater  standard  deviation), 
especially  near  the  center  regions  of  the  flow.  The  RMS  fluctuations  of  the  radial 
velocity  were  nearly  equal  to,  or  exceeded,  the  mean  radial  velocity.  These  radial 
velocity  data  show  that  near  the  nozzle  face,  flow  from  the  outer  swirler  was  directed 
inward  while  the  core-swirler  air  moved  outward;  the  zero  radial  velocity  region  was  near 
to  the  radius  of  the  annular  fuel  gap.  It  was  likely  that  the  interaction  of  these 
streams  contributed  to  the  radial  velocity  variations,  a  flow  situation  which  ought  to 
aid  in  fuel  atomization.  It  appeared  that  the  wakes  from  the  swirler  vanes  also 
contributed  to  the  flow  variations.  Figure  9  depicts  the  measured  radial  velocity  and 
turbulence  data  around  the  nozzle  at  radial  positions  of  0.1  in.  and  0.3  in.;  the  former 
is  within  the  core  flow  while  the  latter  is  in  the  outer  swirling  stream.  Although  of 
differing  magnitude,  periodic  variations  of  the  radial  velocity  and  fluctuation  were 
observed,  with  six  local  peaks  evident  for  the  innner  flow  and  fourteen  in  the  outer  flow 
in  direct  correspondence  to  the  number  of  swirler  vanes;  harmonic  analyses  also 
identified  these  as  dominant  modes.  The  magnitude  of  these  variations  was  greater  for 
the  inner  flow,  consistent  with  the  greater  deviations  and  turbulence  indicated  above. 
These  observations  wer^  also  consistent  with  the  fuel  spray  .esults  which  indicated  that 
variations  on  the  inner  swirler  had  a  greater  impact  on  patternation  than  variations  on 
the  outer  swirler.  It  was  argued  that  inner  swirler  variations  were  effectively  more 
intense  because  they  were  confined  to  a  smaller  flow  area.  These  velocity  data  confirm 
that  potentially  similar  wake  disturbances  had  a  greater  influence  on  the  inner  flow. 

Except  for  the  outer  3hear  region,  the  turbulence  appeared  isotropic  with  component 
RMS  fluctuations  of  approximately  20  ft/sec.  When  compared  to  the  total  velocity  vector, 
the  turbulence  intensity  was  16  to  20  pet  over  the  bulk  of  the  flow  with  a  60  pet 
intensity  registered  in  the  outer  shear  region. 
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Altered  Configurations 

The  mis-aligned  aircap  configuration  inclined  the  outer  swirler  and  endcap  by  2.5 
deg  from  true  axial.  As  described  above,  however,  the  nozzle  was  mounted  to  the  rotary 
table  by  a  flange  attached  to  the  endcap.  Therefore,  as  mounted,  the  cndcap  was  axially 
aligned  while  the  inner  components  of  the  nozzle  deviated  by  the  2.5  deg.  The  velocity 
profiles  0.060  in.  downstream  from  the  nozzle  were  axisymmetric.  Figure  10  displays  the 
mean  radial  profiles  for  axial  velocity  for  this  configuration  and  the  Baseline.  The 
standard  deviation  in  the  core  region  averaged  2.6  ft/sec  for  the  mis-aligned  configura¬ 
tion  and  4.3  ft/sec  for  the  Baseline.  Clearly  the  presence  of  the  2.5  deg  mis-aligned 
core  swirler  flow  was  not  sensed;  the  bulk  airflow  was  dominated  by  the  outer  flow.  The 
fuel  spray  pattern  produced  by  this  configuration  was  not  axisymmetric  however  (Fig.  3c). 
The  pattern  was  shifted  approximately  0.18  in.  off  center,  which  for  a  measurement  plane 
2.5  in.  downstream,  translated  to  a  4  deg  deviation.  More  importantly,  the  pattern  was 
not  only  shifted  but  also  skewed  to  result  in  a  very  nonuniforra  fuel  mass  flux.  Three 
regions  of  higher  fuel  mass  flux  were  discerned  in  the  fuel  patternation.  Therefore,  an 
altered  interaction  of  the  air  and  fuel  streams  at  the  filming  lip  was  probably  a 
stronger  influence  on  the  resulting  pattern  than  the  alignment.  Detailed  studies  within 
the  nozzle  would  be  necessary  to  document  this  effect. 

Two  configurations  were  studied  to  determine  the  influence  of  reducing  the  number  of 
vanes  in  either  the  inner  or  outer  swirler.  The  fuel  spray  formed  by  the  reduced  vanes 
outer  swirler  configuration  (Fig.  3d),  displayed  seven  regions  of  high  fuel  mass  flux  in 
direct  correspondence  to  the  number  of  swirler  vanes.  Figure  11  contains  the  velocity 
and  turbulence  contours  determined  for  the  airflow  produced  by  this  configuration. 

Again,  seven  distinct  regions  of  high  air  flux  are  evident.  This  is  particularly  true 
for  the  radial  velocities  where  strong  cyclic  variations  between  inward  and  out-bound 
flow  were  sensed.  This  latter  feature  is  more  clearly  presented  in  traverses  for  radial 
velocity  and  fluctuation  obtained  at  radial  positions  of  0.15  and  0.35  in.  (Fig.  12). 

The  seven  distinct  cycles  discerned  for  both  radii  indicated  the  spread  of  the  influence 
over  the  entire  flow.  The  velocity  variations  imposed  by  the  removal  of  alternate  outer 
swirler  vanes  (equivalently,  increasing  the  gap-to-cord  ratio  in  the  swirler)  were  most 
prominent  for  the  radial  velocity  because  it  had  the  lowest  magnitude.  Periodic 
variations  in  both  the  axial  and  tangential  velocities  were  also  present.  Analyses  of 
these  velocity  components  suggested  that  the  fuel  mass  flux  variations  corresponded  to 
the  regions  of  increased  axial  velocity.  The  patternation  data  were  fuel  mass  flux  and 
not  fuel  concentration  values;  regions  of  high  airflow  velocity  convected  higher  flow 
rates  of  fuel.  At  the  radius  of  maximum  variation,  the  total  velocity  ranged  from  167 
ft/ sec  to  138  ft/sec.  This  variation  occurred  at  a  radial  position  of  0.25  in.  or  55  pet 
of  the  full  flow  radius.  The  fuel  patternation  of  this  configuration  contained  maximum 
fuel  flux  variations  at  a  radius  of  1  in.  or  50  pet  of  the  fuel  spray  radius.  The  ratio 
of  the  maximum  to  minimum  mass  flux  at  this  radius  was  approximately  1.7,  much  greater 
than  the  corresponding  air  velocity  ratio  of  1.2.  Therefore,  while  regions  of  high  axial 
flow  likely  did  convert  '.iigher  local  fuel  flow  rates,  a  fuel-air  interaction  in  the 
nozzle  must  have  occurred  to  further  enhance  this  effect.  It  is  important  to  note  that 
these  influences  were  impeded  in  the  vicinity  of  the  nozzle  exit  but  were  not  apparent  in 
the  velocity  distributions  further  downstream  from  the  nozzle.  Figure  13  depicts 
velocity  contours  in  a  plane  2.5  in.  downstream  from  the  nozzle.  Regular  variations 
resulting  from  the  number  of  swirl  vanes  could  not  be  discerned.  Notice  also  that  the 
radial  velojity  was  largely  negative,  indicating  flow  away  from  the  centerline.  Hence, 
while  the  airflow  signature  decayed,  its  influence  on  the  fuel  flux  leaving  the  nozzle 
persisted.  The  flow  characteristics  observed  for  the  configuration  with  the  reduced 
number  of  core  swirler  vanes  were  similar  to  those  described  for  the  outer  swirler 
variation.  That  is,  the  use  of  a  three-vane  swirler  resulting  from  removal  of  alternate 
vanes  from  the  core  swirler  produced  a  flow  field  which  reflected  the  three  vanes.  All 
four  swirlers  used — the  14-vane  and  7-vane  outer  swirler,  and  the  6-vane  and  3-vane  inner 
swirlers — produced  cycles  in  the  velocity  profiles,  particularly  the  radial  profiles. 

Two  configurations  used  outer  swirlers  with  each  trailing  edge  altered  to  produce 
either  a  sharp  edge  (knife  edge)  or  a  blunt  (square)  edge;  the  Baseline  configuration  had 
rounded  trailing  edges.  Velocity  data  were  acquired  only  0.060  in.  downstream  of  the 
nozzle  in  an  attempt  to  sense  a  significant  difference  in  the  turbulence  levels  produced 
by  these  configurations.  Patternation  data  acquired  previously  indicated  that  only  small 
differences  were  produced  from  the  use  of  these  differing  trailing  edges.  Figure  14 
displays  mean  radial  profiles  for  the  axial,  tangential,  and  radial  turbulence  levels  for 
these  three  configurations.  No  regular  influence  was  discerned;  no  particular  trailing 
edge  shape  appeared  to  generate  greater  or  lesser  turbulence  levels.  Therefore,  there 
appears  to  be  no  need  (from  a  fuel  circumferential  patternation  point  of  view)  to  achieve 
highly  streamlined  trailing  edges  on  conventional  swirlers. 

A  nozzle  configuration  was  assembled  which  included  two  six-vane  core  swirlers  in 
tandem.  For  this  configuration,  the  core  air  pipe  was  extended  upstream  to  accept  the 
two  swirlers;  the  velocity  and  turbulence  characteristics  of  this  altered  Baseline  (i.e.. 
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f.  extended-core  Baneline)  were  essentially  the  same  as  the  original  Baseline  configuration, 

f  The  two  core  swirlers  were  mounted  to  place  the  trailing  edge  of  the  upstream  vanes  in 

|  the  center  of  the  gap  at  the  inlet  plane  to  the  downstream  swirler.  That  is,  the 

|  swirlers  were  oriented  to  place  the  wake  regions  from  the  upstream  swirlers  in  the  inlet 

V  flow  to  the  downstream  swirler.  The  purpose  of  this  configuration  was  to  determine  if 

l  these  upstream  disturbances  could  be  discerned  in  the  velocity  and  turbulence  character- 

l  istics  at  the  nozzle  exit.  A  comparison  of  the  contour  plots  and  the  mean  radial 

f  profiles  for  these  quantities  contained  no  components  produced  by  the  upstream-most 

swirler.  As  for  the  Baseline  configuration,  the  presence  of  flow  disturbances  was  most 
easily  detected  by  examining  the  traverses  for  radial  velocity  and  turbulence  as 
displayed  in  Pig.  15  at  radial  positions  of  0.1  and  0.3  in.  Fourteen  cycles  of  the  radial 
velocity  and  turbulence  can  be  observed  at  the  outer  radius  in  response  to  the  fourteen 
t  vanes  in  the  outer  swirler.  Less  than  six  cycles  are  observed  for  radial  velocities  at 

j  0.1  in.,  a  trend  similar  to  that  observed  for  the  Baseline  configuration  (Fig.  9a); 

>  harmonic  analyses  revealed  no  organized  variation  near  12  Hz.  This  result  suggests  that 

i  the  swirler  itself  is  the  dominant  influence  on  the  velocity  and  turbulent  fields 

downstream  of  it;  turbulent  disturbances  occurring  upstream  of  the  swirler  appeared  not 
to  be  transmitted  through  it.  Similarly,  it  would  be  expected  that  reasonable  variations 
]  in  the  turbulence  levels  upstream  of  the  fuel  nozzle  would  not  significantly  alter  the 

fuel  atomization  and  distribution  process;  of  course,  extreme  deviations  as  might  be 
experienced  during  compressor  stall  or  surge  would  clearly  be  transmitted  through  the 
swirler  and  strongly  influence  the  fuel  pattern. 

CONCLUSIONS 

Detailed  measurements  of  the  airflow  and  turbulence  have  been  made  downstream  of 
several  configurations  of  a  model  aerating  fuel  nozzle.  The  nozzle  assemblies  included  a 
symmetric  baseline  and  others  which  purposefully  altered  the  airflow  by  mis-aligning 
swirlers,  changing  the  number  of  vanes  in  a  swirler,  or  contouring  the  vane  trailing 
edge . 

1.  The  acquired  data  indicated  that  very  symmetric  airflow  profiles  can  be  achieved 
supporting  the  position  that  nozzle  patternation  quality  is  more  dependent  on  the 
fuel  distribution  in  the  nozzle. 

2.  Directed  (e.g.,  mis-aligned)  airflows  can  shift  the  fuel  patternation  by 
convecting  higher  fuel  fluxes  along  new  trajectories.  Such  cases  are  accompanied 
by  a  new  fuel-air  interaction  within  the  nozzle  which  often  has  a  greater 
influence  in  distorting  the  fuel  distribution  than  the  mis-alignment . 

3.  Significant  variations  in  the  airflow  exiting  the  nozzle  can  mix  out  within 
relatively  short  distances.  The  influence  of  these  variations  on  the  fuel 
distribution  persists,  however. 

4.  The  f’ow  in  the  swirler  passages  dominate  in  establishing  the  velocity  and 

turbul  v*  field  downstream  of  it.  Upstream  disturbances  are  not  easily 

transmitted  through  it;  practical  changes  of  the  edge  condition  result  in  minor 
variations.  Hence,  spray  atomization  and  distribution  are  insensitive  to  such 
effects. 

REFERENCES 

1.  Rosfjord,  T.  J.  and  S.  Russell;  Influences  on  Fuel  Spray  Circumferential 

Uniformity.  AIAA  Paper  87-2135.  June  1987. 

2.  McVey,  J.  B.,  S.  Russell  and  J.  B.  Kennedy:  Characterization  of  Fuel  Sprays  Using  a 

High  Resolution  Patternator.  AIAA  Paper  86-1726.  June  1986. 

3.  Gupta,  A.  K.,  D.  G.  Lilly  and  N.  Syred:  Swirling  Flows.  Abacus  Press,  1984. 

ACKNOWLEDGEMENTS 

This  study  was  performed  at  UTRC  under  the  sponsorship  of  the  U.S.  Air  Force  Aero- 
Propulsion  Labortory,  Wright-Patterson  Air  Force  Base,  Ohio  (Contract  F3361 5-85C-251 5 ) ; 
the  Program  Managers  were  Ms.  Ruth  Sikorsky  and  Mr.  Royce  Bradley.  The  authors  were 
appreciative  of  the  fine  efforts  of  Dr.  John  McVey,  Mr.  Lou  Chiappetta,  and  Mr.  Richard 
Roback  in  the  acquisition  and  analysis  of  these  data.  The  continuing  support  of  UTRC 
studies  and  capabilities  by  UTC/Pratt  &  Whitney  is  also  appreciated. 


6-8 


FUEL 


)  END  CAD-|^ 


J 


CORE  AIR  PIPE  TRANSLATION 


OVAL-EOGE  CORE  AIR  PIPE 


OVAL  OVAL 
MAJOR  MINOR 
DIA  OIA 


0.038  in.  0.043  in. 


Fig.  1  Model  aerating  nozzle 
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Fig.  4  Influence  of  minor  airflow  on  pressure-atomizing  nozzle 


Fig.  5  Velocity  measurement  positioning 
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SUMMARY 


The  purpose  of  f  lu-  lrpoited  work  is  m  pit  M  ilt  prartiral  schemes  to  rorrrrt  the  effect  of  multiple 
scattering  in  a  dense  drop  field  on  the  measured  distribution  parameters  by  laser  light  scattering  based 
spray  sizing  techniques.  An  experimental  study,  involving  multi-modal  distributions  ami  drop  fields 
whirh  can  not  he  adequately  described  by  single-mode  two-parameter  distributions,  is  described.  Data 
from  the  experimental  program  were  employed  to  develop  empirical  expressions  to  correct  t  lie  measured 
spray  parameters  at.  high  obscuration  levels.  Accuracies  of  the  proposed  expressions  are  aeeeptalde  for 
engineering  applications,  and  comparable  to  the  accuracies  involved  in  conversion  of  light  scattering 
data  to  drop  size  information. 


LIST  OF  SYMBOLS 

Cd  c'—'"etion  factor  for  Sauter  mean  diameter,  D-aj/D1^ 

Cy  correction  factor  for  volume  mean  diameter,  D3o/D'3u 

Cw  correction  factor  for  u>,  ut/ut' 

Ds o  apparent  volume  mran  diameter,  uni 

D33  apparent  Sauter  mean  diameter,  /im  (— SMD) 

D3 0  actual  volume  mean  diameter,  pm 

/X,2  actual  Sauter  mean  diameter,  pm 

Dt  apparent  diameter  below  which  is  the  10  %  of  the  spray  volume 

Dj  apparent  diameter  below  which  is  the  50  %  of  the  spray  volume 

Dy  apparent  diameter  below  which  is  the  90  %  of  the  spray  volume 

S  apparent  span  of  the  distribution, tiffined  by  Eq.(fi) 

<fi  percent  obscuration 

w  apparent  ratio  of  the  percentage  volume  of  the  spray  in  the  smaller  tlrop  size  mode 

to  that  of  in  the  larger  size  mode  for  bi-modal  distribution 
u/  actual  ratio  of  the  percentage  volume  of  the  spray  in  the  sniallc  r  drop  size  mode 

to  that,  of  in  the  larger  size  mode  for  bi-modttl  distribution 


INTRODUCTION 


Ignition  and  combustion  of  fuel  sprays  are  dynamic  phenomena  which  are  strongly  influenced 
by  the  drop  size  and  drop  size  distribution  in  addition  to  tiieririo-Huidnieehaiiirs  of  the  combustion 
system  and  the  chemical  structure  of  the  fuel.  Also  pollutant  formation,  especially  that  of  soot,  in 
spray  diffusion  flames  is  dependent  011  the  spray  characteristics,  among  other  parameters.  For  this 
reason,  to  be  aide  to  measure,  with  reasonable  accuracy,  drop  size  and  si/e  distribution  in  fuel  spravs 
of  propulsion  systems  has  heroine  one  of  the  major  objectives  in  the  held  of  spray  combustion 
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For  drop  size  and  drop  size  distribution  measurements  in  transient  ami  steady  How  furl  spraw  in- 
of  laser  light  scattering  techniques  lias  many  advantages  over  the  other  diagnostic  1cm  hniques.  Details 
of  a  recent  study  comparing  the  reliability  of  different  techniques  has  ben.  reported  by  Dodge  [1J.  The 
forward  light  scattering  (Fraunhofer  diffraction)  technique  utilizes  the  scattered  light  in  the  forward 
direction  by  the  drops  in  tin-  spray  |2j.  The  shape  of  the  resulting  scattered  light  intensity  profile 
provides  the  information  necessary  for  determining  the  drop  sizes  ami  distributions.  However,  there 
exists  two  important  problem  areas  associated  with  light  scattering  techniques.  The  first  one  is  p  lated 
to  the  inversion  of  light  scattering  data  to  drop  size  distributions,  and  the  second  one*  is  related  to  the 
problem  of  multiple  scattering  in  dense*  sprays.  The  latter  problem  arises  when  the  interdrop  sparing 
is  very  small  such  that  the  scattering  characteristics  of  a  drop  in  the  spray  depend  on  the  relative 
positions  and  size's  of  the  neighboring  drops,  and  when  the  probe  volume  length  (i.r.,  the*  optical  path 
of  the  incident  laser  beam)  is  long  enough  so  that  a  considerable  portion  of  the  photons  are  scattered 
more  than  oner  through  the*  ptobe  volume  before  they  reac  h  the  detector  leti.se. 


For  sprays  exhibiting  Rosin-Ramler,  log-normal,  nr  normal  drop  size  distributions,  the  Malvern 
instrument  provides  acceptable  data,  and  for  dense  sprays,  available  correction  schemes  can  be  used 
to  take  care  of  multiple  scattering  effects  (jj  However,  some  sprays  display  drop  size*  distributions 
which  ran  not  be  described  bv  any  of  the  single-mode  two-parameter  distributions,  and  some  -quays 
exhibit  multi-modal  distributions  |4j  For  such  sprays.  Malvern  has  the  inodcl-indrpmdrnt  opt  ion 
Although  the  details  of  the  inversion  algorithm  arc*  not  known,  and  some  doubts  exist  related  to  the 
reliability  of  the  inversion  method  J5,f»|  ,  our  measurements  with  calibrated  latex  spheres  using  the 
model-independent  mode  provided  quite  acceptable  results.  An  alternative  approach  N  in  use  the 
Shifrin  inversion  technique  to  obtain  model-independent  size  distribution  from  the  light  scattering 
data  !7j. 


The  effort  of  multiple  scattering  on  model  inch-pendent  results  has  not  been  investigated  system¬ 
atically.  The  iiiailuijUitu.il  jmMiel  d«\rlui»rd  Si  IIrt.iuidi  .t ml  owniienbank  |3j,  to  correct  the  effect 
of  multiple  scattering  for  any  type  of  size  distribution  has  not  been  extensively  tested  against  exper 
imcutal  data,  and  some  problems  related  to  the  formulation  have  hern  recently  discussed  bv  (lomi 

19]- 


This  work  reports  the  results  of  an  experimental  program  eoiulmted  to  obtain  data  and  a  corrective 
scheme  for  model-independent  and  bi-modal  distributions  for  the  concentrations  corresponding  to  the 
obscuration  levels  of  50  to  93  ‘V  for  the  diffraction  based  spray  sizing  systems. 


EXPERIMENTAL 


Measurements  were  made  in  a  magnetically  stirred  cell  similar  to  the  one  described  by  Hamuli  and 
Switheubaiik  |8),  to  study  the  effects  of  multiple  scattering  on  drop  size  and  drop  size  distribution  in 
drop  fields  with  model-independent  arid  bi-modal  size  distributions.  Mono-size  hit  ex  spheres  (eight- sizes 
from  7  //in  to  Kill  //m  ).  and  aluminum  oxide  particles  (five  distributions,  largest  diameter  around  250 
//m  )  were  used  to  design  model-independent  and  bi-modal  size  distributions  of  different  ehar.irteristirs. 
A  very  dense  suspension  of  each  distribution  of  latex  spher*s  was  first  prepared  with  deionized  and 
filtered  water.  This  .sample  solution  was  then  added  to  the  stirred  cell,  containing  filtered  water,  to  the 
desired  concentration  level.  Thus,  it.  was  possible  to  obtain  a  series  of  concent  rat  ions  corresponding  to 
obscuration  levels  from  15  to  98  %,  for  the  same  drop  size  distribution.  For  aluminum  oxide  particles, 
methyl  alcohol  was  used  as  the  suspension  liquid  in  the  cell,  and  particles  were  added  into  the  cell  by 
a  spatula.  A  Malvern  2600  spray  sizer  was  used  for  the  measurements  utilizing  the  model -independent 
mode  for  data  inversion,  and  most  of  the  experiments  were  repeated  with  a  modified  beam  expander 
with  which  the  beam  diameter  was  reduced  from  9  mm  down  to  4  mm. 


f 


I 
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RESULTS 

The  ultimate  effect  of  multiple  scattering  due  to  relatively  high  density  of  the  drop  field  is  to 
redutt  the  obtained  mean  drop  si/e  with  increasing  obscuration  of  the  incident  laser  beam.  For  the 
nine  hi  modal  distributions,  with  which  extensive  data  have  been  compiled,  variation  of  the  Saittcr 
mean  diameters  is  shown  in  Figure  I.  The  data  obtained  for  single-mode  and  tri-modal  distributions 
|  follow  tin  same  trend.  For  obscurations  below  approximately  43-55  re  ,  the  light  energy  and  drop  si/e 

1  distributions  correspond  to.  within  the  experimental  error  range,  the  actual  distribution*, 

i 

I  In  order  to  show  the  effect  of  multiple  scattering  on  light  energy,  and  final  drop  sir.**  distributions, 

I  data  on  three  drop  fields  will  be  presented.  The  first  of  these  three  distributions  is  a  hi  modal  one, 

|  obtained  by  mixing  he  the  two  different  distributions  of  aluminum  oxide  particles.  Obtained  light 

j  energy  distributions,  Figure’  2.  do  not  give  any  clue  towards  the  nature  of  drop  size  distribution, 

j  and  exhibit  single-mode  light  energy  distributions  at  all  obscurations.  Wii-h  increasing  obscuration, 

;  however,  the  light  energy  distribution  shifts  towards  larger  detector  ring  numbers,  Figure  2.  resulting 

in  smaller  mean  drop  diameters.  Figure  3 

t 

The  second  distiibution  we  will  discuss  is.  again,  a  bi-modal  one,  but  obtained  by  mixing  two 
practically  mono-size  latex  sphere*.  The  resulting  light  energy  distributions  at  different  obscurations 
are  shown  ill  Figure  4.  These  distributions  carry  the  signatures  of  a  bi-i.iodal  type  drop  M/e  distri- 
»  burion.  With  increasing  multiple  scattering,  light  energy  distribution  shifts  towards  larger  detector 

ring  numbers.  This  results  in.  in  addition  to  a  reduction  in  obtained  mean  drop  size,  an  increase  in 
the  percentage  drop  volume  in  ihr  smaller  drop  size  mode  of  the  bi-modal  distribution  with  increasing 
:  obscuration.  Figure  5. 

Figure  G  illustrates  the  light  energy  distributions  at  different  obscuration  levels  for  a  tri-modal 
distribution  obtained  by  mixing  three  mono-size  latex  spheres.  Even  at  very  high  obscurations,  the 
mulii-umda!  nature  of  the  drop  field  can  be  easily  seen  frbm  the  shape  of  the  light  e-mig\  di-«i  ihuijuus. 
Corresponding  drop  size  distributions  are  shown  in  Figure  7. 


EMPIRICAL  EQUATIONS  AND  DISCUSSION 


The  empirical  expressions  presented  m  this  section  were  developed  by  curve  fitting  to  the  experi¬ 
mental  data  using  multiple  regression  met  bods. 

The  correction  equation  for  the  Sauter  mean  diameter  is 

Cd  =  1  35  *  c/i  ,  +  /'  3  (1) 

where  <?rf  is  the  ratio  of  ihr  measured  Sauter  mean  diameter,  D^,  to  the  at  Inal  one,  D\vl.  F i  and  Fz 
are  given  as  follows 


F\  =  -0.1I84(D32/I00)2  4  13 .  1*220/ 032  -  5  74740//>£/’ 

Fz  =  2.23890*  -  2.00770° 

where  0  is  the  percentage  obscuration. 

The  correction  equation  for  the  volume  mean  diameter  is 

Cx.  ---  0.1C39Cj  °-7739/;-J1 07W^°  0,flW/,.V  +  ' 


(2) 

(3) 

(4) 


4 


i  . 

4 

1 


k 
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where  (\,  is  the  ratio  of  the  measured  volume  mean  diameter,  I): m.  to  the  actual  one,  /^„ 

For  hi  modal  size  distributions,  as  mentioned  before,  tin*  effect  of  multiple  scattering  manifests 
itself  as  an  increase  in  the  percentage  volume  of  the  drops  in  the  smaller  size  mode,  as  the  obsnn.it  ion 
percentage  increases.  If  we  define  w  as  the  ratio  of  percentage  volume  of  the  spray  ill  tin  smaller  drop 
size  mode  to  that  of  in  the  larger  drop  size  mode,  then  the  correction  equatio  for  ^  is 

c-w  =  i.048/[rj-3\<?o-,5Vl,-u,,S2ft*s',|  (5) 

where  is  the  ratio  of  measured  u;  to  the  actual  value,  u’'.  S  is  the  measured  value  of  the  span 
defined  as 

5  =  (/),.  ~D,)iDj  (6) 

where  Df.  Df,  and  7>n  are  the  spray  diameters  below  which  arc  tin-  10,  Ijl),  and  90  ‘m-  of  flic  spray  ilrop 
volume,  respectively.  Tlie  saddle  point  was  taken  as  the  referenrr  to  divide  the  two  modes. 

Figure  8  shows  the  variation  of  the  correction  factor  for  Sauter  mean  diameter  with  obscuration 
for  different  mean  diameters.  Although  ,  the  percentage  obscuration  is  dominating  the  change  in 
correction  fact*  r,  the  effect  of  Sauter  mean  diameter  is  not  negligible.  One  interesting  aspect  of  ICq.(l) 
is  that-,  ( ’j  is  independent  of  the  spray  distribution  width  parameter.  This  is  in  contradiction  to 
previous  empiriea.  models  for  Itosiu-Kaiiiler  distributions  [3,10)  ,  ami  for  log-normal  disii ilmtion  |3|, 
which  include  terms  for  the  distribution  width  parameter  dependency  of  the  correction  l.ietor  for  the 
Sauter  mean  diameter.  A  distribution  width  parameter,  in  terms  of  span  >\  had  been  included  in  our 
regression  exercise,  but  ( did  not  show  any  correlation  with  S.  Same  discussion  applies  for  Eq.(4). 

Figure  9  shows  the  correction  factors  for  Sauter  mean  diameter  predicted  by  Kq  (1)  versus  mea¬ 
sured  ones.  Correlation  coefficient  is  0.96  and  mean  error  is  around  i  3.5  %.  Similar  values  have  been 
obtained  for  the  Eq.v(4)  and  (5),  Table. 1. 

The  validity  ranges  of  the  corrective  equations  for  im»i|rl -independent  and  hi  modal  dist  ribui  muis 
are  limited  to  : 

10// rtt  <  Dm  <  1011/m/ 

1 bfiw  <  I) 30  <  l2U//m 
0.7  <  S  <  4 
0.3  <  w  <  3.5 
0.5  <  4>  <  0.98 

Table  1 

Regression  statistics  for  the  empirical  expressions. 

Eq(l)  E<|.(4)  Kq.(5) 

Correlation  roeflirient,  R  0  90  0.83 

St  .nil  On  3  deviation  of  residuals, <7  0  040  0  050 

Mean  absolute  error,  %  3  5  3  4 


0.97 

0.054 

3.5 
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A1?  hough  ihc  ultimate  correct ion  st  nein<  should  he  obtained  through  modeling  of  mu)1  iplc  m  at 
taring  of  .be  Light  b\  a  oolvdi^pcrsr  drop  field,  as  dcmoti'-tr^ted  l>y  Hirlrmnn  1 1 1 j  ,  (mini  [9j.  ami 
Ilainidi  ami  Svit  Ii*-nl»ai»k  [3] .  there  exists  t  wo  concerns  related  ty  1  m*  :n nm'dird  »■  application  of  iIm'm* 
models.  The  first  concern  is  »cl«Jed  to  the  appi opt Mtcne.ss  of  tin-  .‘•f  leeted  physitvl  model  to  describe 
the  inult<ple  scattering,  wliieh  can  only  be  justified  by  a  rigorous  testing  of  the  rnmcrical  picdi<  turns 
agaiust  experimental  data  As  discussed  by  Genii  [9],  this  validation  1ms  nut  been  deimmst rat ed  yet. 
The  second  concern  is  a  more  practical  issue:  unless  simplified  to  rasih  m.wiagablr  nlgmithms.  the 
exist ing  models  .nay  not  be  suitable  for  use  in  data  pioressnis  and  PCs  used  with  light  scattering 
systems,  even  main  frame  computer  runs  can  be  prohibitive  |9|  The  present  empirical  approa«  li  does, 
not  shed  any  l*ght  on  the  physics  of  multiple  scattering  m  dense  drop  fields,  but  it  is  simple  and  easy 
to  use  .  md  aeeuratc  within  the  specified  ratine. 

CONCLUDING  REMARKS 


An  expert. unit al  study,  to  predict  the  effect  of  multiple  scattering  in  a  dni-r  drop  fit  id  on  (lie 
measured  mode!  independent  and  hi  modal  distribution  parameters,  has  been  described  Obtained 
data  were  employed  to  develop  empirical  expressions  to  correct  the  measured  spiay  parameters  at  high 
obscuration  levels,  with  1 1|*  lit  sratleiing  basen  spray  sizing  iu>‘i  mnerts.  Accuracies  of  the  proposed 
correction  equations  are  acceptable  for  engineering  applications,  and  comparable  to  the  accuracies 
involved  in  conversion  of  light  .scattering  data  to  drop  size  information. 
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Fig.l  Variation  of  Sautrr  mean  diameter  with  obscuration  for  bi  modal  size  distributions. 
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Fig.8  Predicted  correction  factors  for  the  Sail  ter  mean  diameter  as  a  function  of  obscuration  and 
apparent  Sauter  mean  diameter. 
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J.E. Peters,  US 

Your  correction  for  SMI)  was  derived  using  hi  modal  and  tri-modal  size  distributions.  I  low  well  will  it  work  for  sprays 
that  have  realistic  size  distributions  such  as  Rosin -Hammier  o>  upper  limit  distribution  functions'/ 

Author’s  Reply 

Data  used  for  the  derivation  of  correction  expressions  included  single-mode  distributions  us  well  as  multi-modal  ones 
The  principal  application  of  the  described  corrections  scheme  is  to  correct  the  distributions  (single  or  multi -modal)  of 
dense  sprays  obtained  through  the  Malvern  “model- independent” algorithm,  and  through  the  Shifrin  inversion  technique. 
I  believe  that  it  is  a  risky  practice  to  force  given  distribution  data  to  fit  into  Rosin  Rammler  or  upper-limit  type  two- 
parameter  distribution  functions,  with  the  rationale  that  these  functions  ate  presumably  realistic.  Existence  of 
model-independent  distributions  (single-mode  or  multi-modal  distributions  which  can  not  be  adequately  described  by 
two-parameter  distribution  functions)  is  not  a  scarce  probability;  these  type  of  distributions  are  frequently  encountered  in 
tonsient  fuel  sprays,  and  in  high  pressure  full  core  sprays.  The  present  correction  scheme  has  not  been  rigorously  tested 
for  upper-limit,  log-normal,  and  normal  distributions.  Limited  tests  with  Rosin -Rammler  distributions  (.1  distributions) 
were  satisfactory.  However,  present  expression  for  SMD  gives  different  correction  factors  as  compared  to  those  obtained 
by  expressions  for  Rosin-Rammler  distributions  reported  in  the  literature  (e.g.,  ref.  3  of  this  paper). 


A.K  Jasuja,  UK 

The  correction  scheme  has  been  derived  on  what  are  nearly  stationary  particles.  Fuel  sprays  feature  particles  that  are 
moving  generally  at  high  velocities.  Can  the  correction  scheme  be  applied  to  the  fuel  spray  ease  as  it  is  or  docs  it  need  some 
modifications/ 

Author  s  Reply 

The  optical  drop  sizing  techniques  based  on  Fraunhofer  dif  fraction  are  insensitive  to  ihc  movement  of  drops.  Therefore, 
the  correction  scheme  presented  does  not  need  any  modification.  I  lowever.  if  any  modification  is  applied  to  the  measured 
distribution  to  prevent  bias  due  to  non-equal  velocities  (hence,  mm-equal  residence  times  of  the  drops  in  the  probe 
volume)  of  different  sizes  of  drops,  the  same  modification  should  be  applied  to  the  corrected  distribution. 
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Summary 

The  performance  of  a  gas-turbine  combustion  chamber  depends  essentially  on  the  dis¬ 
tribution  of  the  fuel  in  the  primary  zone.  Jqnition,  stability  of  combustion,  wall 
temperatures,  and  smoke  and  pollutant  emission  arc  all  affected. 

Maintaining  a  fixed  geometry,  the  droplet  size  and  spray  angle  under  variation  of  the 
air  pressure  drop  at  constant  temperature  were  measured  using  two  test  liquids  in  an 
air  blast  atomizer  s^tem.  Correlation  equations  were  provided  for  both  variables. 
Known  correlations  were  confirmed  for  the  droplet  size.  The  spray  angle  is  pressure- 
related,  increasing  very  rapidly  with  increasing  pressure. 


Notation 

AFR 

- 

Air  fuel  ratio 

dN 

m 

Characteristic  nozzle  diameter  (cl^  =  1) 

ml 

kg/s 

Air  flow  through  nozzle 

m2 

kg/s 

Purging  air  flow 

n 

- 

Exponent  of  Rosin-Ranunler  distribution 

PA 

MPa 

Air  pressure 

kPa 

Air  pressure  drop 

r. 

mm 

Nc>77le  exit  radius 

r  2 

mm 

Collector  radius 

S 

mm 

Distance  between  the  nozzle  arid  the  collector 

$r.D 

um 

Sauter  diameter 

2  4pA  . 

We 

Weber  number  =  — —  — *  d 

N 

“so 

degree 

Angle  within  which  50*  of  the  fuel  is  injecte< 

°L 

N/m 

Surface  tension  of  liquid 

1  Introduction 

The  testing  of  gas-turbine  combustion  chambers  under  realistic  operating  conditions 
is  very  elaborate  and  expansive,  requiring  high  pressures  and  great  mass  flews  of  hot 
air.  Traversing  instrumentation  for  measuring  the  temperature,  pressure  and  com¬ 
position  of  the  exhaust  at  the  combustor  outlet  must  be  provided. 

For  this  reason,  the  effort  is  made  to  conduct  as  many  of  the  combustor  tests  as 
possible  under  operating  conditions  at  reduced  pressure,  preferably  even  at  atmos¬ 
pheric  pressure.  The  measurement  of  the  gas  temperatures  and  emissions  is  then  much 
simpler  because  there  is  no  need  for  pressure-resistant  traverse-type  instrumen¬ 
tation.  Also,  the  air  requirement  i6  more  modest.  This  reduces  the  costs  of  the  test. 
However,  to  avoid  inaccuracies,  the  test  results  must  be  transferable  to  full  oper¬ 
ating  conditions. 

As  js  known,  mass  and  heat  transfer  are  affected  by  pressure,  gas  radiation  and 
reaction  rates  increase,  phase  and  chemical  equilibria  change  and  air  forces  mul¬ 
tiply.  Since  ail  these  phenomena  play  a  role  in  the  combustion  process,  it  is 
difficult  to  6ee  what  differences  occur  in  combustion  chamber  testing  at  atmospheric 
pressure  and  at  above-atmospheric  pressure. 
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In  the  present 
fuel-in jcct ion 
depends  on  the 
ticularly  sens 


investigation,  therefore,  mainly  the  inti-’""'’*?  of  pressure  on  the 
system  is  considered.  Systems  in  which  the  ueyree  of  atomization 
shear  forces  of  the  air,  known  as  air  blast  atomizers,  are  pa**- 
itive,  A  system  of  this  type  is  investigated  here. 


2  Test  Setup 

2 . 1  Experimental  nozzle 

Air  blast  atomization  has  the  advantage  that  fuel  and  air  are  pre-mixed  early,  and 
acceleration  of  the  fuel  droplets  at  the  separation  edge  by  the  air  ensures  good  heat 
and  mass  transfer,  as  large  differences  in  the  droplet  and  air  flow  velocities  pre¬ 
vail  from  the  very  beginning  of  atomization.  This  is  a  prior  condition  for  rapid 
vaporization . 


The  arrangement  of  the  ail'  blast  atomization  system  is  illustrated  schematically  in 
figure  1.  The  fuel  is  transferred  via  a  simplex  nozzle  to  the  inside  surface  of  a 
venturi.  A  swirled  airflow  forces  the  fuel  film  to  the  end  of  the  venturi,  where  it 
is  atomized  into  fir.-,  droplets  at  the  pre-film  separation  edge,  where  there  is  an 
outer  and  inner  airflow,  with  the  outer  flow  being  swirled  in  the  opposite  direction 
to  the  inner  flow.  The  air  leaving  the  nozzle  flows  around  the  contour  of  the  com¬ 
bustor  dome.  This  flow  pattern,  important  for  the  spray  characteristics,  is 
observable  in  water-simulation  tests  and  can  be  demonstrated  mathematically.  Figure  2 
shows  the  calculated  isothermal  flow  downstream  of  the  nozzle,  determined  by  a  two- 
dimensional  flow-field  calculation.  It  can  be  clearly  .een  that  the  whole  of  the  flow 
of  air  leaving  the  nozzle  flows  radially  outwards  and  necomes  attached  to  the  rear 
wall.  This  behaviour  remains  constant  throughout  the  operating  range. 

The  purposes  of  the  air  blast  atomization  system  are  the  following: 


-  To  atomize  the  fuel  in  very  fine  droplets 

-  To  generate  a  stabilizing  recirculation  zone 

-  To  generate  high  turbulence  for  the  mixing  of  the  air,  fuel  and  recirculated 
exhaust  gases 

-  To  ensure  homogeneous  distribution  of  the  fuel  in  the  primary  zone  of  the  flame 
tube. 


In  contrast  to  other  fuel -i nject ion  system,  such  as  a  pressures  atomization  system 
for  example,  the  purpose  of  the  air  blast  atomizer  iS  not  merely  to  generate  very 
fine  droplets.  It  must  also  generate  a  large  stabilizing  recirculation  zone,  and  this 
is  achieved  in  particular  by  the  radial  flow  of  the  swirled  air  on  discharge.  The 
atomized  fuel  follows  the  flow  of  air  to  a  greater  or  lessor  extent,  depending  on  the 
strength  of  the  interaction.  This  interaction  determines  both  the  droplet  size  and 
the  fuel  distribution  in  the  primpry  zone  of  the  combustor. 

The  droplet  size  and  fuel  distribu' ion  are  examined  more  closely  below. 

2 . 2  Droplet  measurement 

The  droplet  size  was  measured  with  the  aid  of  the  apparatus  depicted  in  figure  3.  To 
enable  the  droplets  to  be  measured  at  increased  pressure  as  well,  a  double-walled 
container  with  variable-diameter  air  discharge  line  is  used.  The  air  stream  rr^  is  the 
atomization  air,  whereas  air  stream  m^  is  required  for  purging  the  observation 
windows.  This  container  can  be  used  for  pressures  of  up  to  10  bar. 

The  droplets  were  measured  using  an  optical  procedure  based  on  the  1 rght-d i f fraction 
principle.  Details  of  this  method  can  be  found  in  reference  / 1 / .  This  procedure 
suffers  from  inherent  difficult ;rc  if  the  spray-conc  becomes  optically  toe  dense, 
which  occurs  preferably  under  high-pressure  conditions.  Thus,  to  reduce  the  optical 
density,  the  laser  beam  was  focused  on  one  half  of  the  spray  cone  via  a  tube.  The 
light  intensity  was  evaluated  on  the  basis  of  the  Rosin-Rammler  function  for  the 
droplet-size  distribution.  As  liquids,  water  and  kerosine  were  used. 

2 . 3  Measurement  of  fuel  distribution 

The  measurement  of  the  local  distribution  of  the  fuel  was  carried  out  using  the  same 
apparatus  as  for  the  droplet-size  measurement,  but  without  the  optical  tube  for 
diffraction  measurement,  which  was  replaced  by  a  fuel  collector  vessel  downstream  of 
the  nozzle.  The  distance  S  between  the  collector  and  the  nozzle  could  be  adjusted  by 
means  of  a  threaded  red  (figure  4).  The  collected  fuel  was  weighed  with  the  resulting 
mass  flow  being  determined  as  a  function  of  the  distance  S.  This  allowed  the  volume 
cf  fuel,  injected  at  a  certain  angle,  to  be  determined,  where  the  following  relation 
between  the  spray  angle  and  the  distance  5,  corresponding  to  the  geometrical  con¬ 
ditions  shown  in  figure  5,  results: 


Q  =  2  arc 


S 


where  r2  is  the  radius  of  the  fuel  collector  und  r.  Is  the  radius  of  a  reference 
cicf s-aect ion  of  the  no2zle.  If  the  col  lector  is  positioned  immediately  next  to  the 
nozzle,  the  spray  angle  is  180°,  decreasing  to  zero  with  distance  of  the  collector 
from  the  nozzle. 

In  the  experimental  arrangement  chosen,  the  flow  through  the  nozzle  is  affected  to  a 
greater  or  lesser  extent,  depending  cm  the  positron  of  the  collector.  At  least,  a 
marked  effect  will  occur  when  the  collector  is  located  very  close  to  the  nozzle.  But, 
because  of  the  nature  of  the  flow  field  of  the  fuel  injector  nozzle,  this  effect 
decreases  very  rapidly  with  increasing  distance  of  the  collector  to  the  nozzle.  Ai 
already  mentioned,  the  air  flowing  from  the  nozzle  becomes  attached  to  the  rear  wall 
of  the  test  cell,  and  is  disturbed  by  the  collector  only  at  very  short  distances.  The 
low-pressure  region  occurring  downstream  of  the  nozzle  is  filled,  however,  not  by  the 
recirculation  of  the  nozzle  air,  but  by  air  from  the  collector.  This  is  possible 
since  the  collector  is  connected  with  the  test  cell  via  side  openings. 

3  Results 


3 . 1  Droplet  size 

A  series  of  measurements  was  made  with  water  and  with  kerosine,  varying  the  air 
pressure  and  relative  pressure  drop  via  the  nozzle  in  each  case.  The  influence  of 
viscosity  and  the  air-fuel  ratio  was  not  investigated,  since  this  is  already  Known 
well  enough  from  the  literature.  The  literature  shows  that  the  droplet  size  does  not 
depend  on  the  viscosity,  if  the  higher-Oiscosity  liquids  are  excluded  / 2/.  This 
fjnding  is  confirmed  in  mote  recent  investigations  /3/,  where  it  is  demonstrated  that 
up  to  33  CP  the  viscosity  has  no  effect  on  the  droplet  size.  Kef.  /2 /  also  shows  that 
the  effect  of  the  air-fuel  ratio  can  be  ignored  as  long  as  it  is  not  less  than  3:1. 

In  the  present  case,  the  AFR  was  in  the  region  of  7.7:1,  in  other  words  a  value  at 
which  it  was  expected  to  have  had  little  influence  on  the  droplet  size,  and  this  was 
confirmed  by  several  random  verifications. 


The  influence  of  the  air  pressure  and  the  relative  pressure  drop  on  the  Sauter  dia¬ 
meter  of  the  spray  cone  is  represented  in  figure  6  for  kerosine  and  water.  Because 
the  shear  forces  of  the  air  play  a  major  role  in  the  atomization  of  the  fuel,  the 
droplet  size  decreases  with  increasing  drop  in  pressure.  Similarly,  because  of  the 
accompanying  higher  air  density,  higher  pressures  lead  to  a  marked  reduction  in  the 
droplet  size. 


These  findings  apply  qualitatively  to  both  liquids,  quantitatively,  as  exoectcd, 
there  are  major  differences.  Under  identical  conditions,  the  Sauter  diameters  are 
nearly  twice  as  great  with  water  as  with  kerosine. 

As  can  be  seen  in  figure  7,  the  values  for  water  and  air  correlate  with  a  certain 
scatter  over  the  reciprocal  value  of  the  Weber  number  We,  according  to 

SMD  =  6.7  (ij)  0,5  (1 


where  the  Weber  number  is  defined  as  We 


Apa 
CrT.  d 


in  which  the  characteristic 


diameter  d  is  kept  Constant  and  taken  to  be  equal  to  1.  For  this  We-number,  corre¬ 
lation  represents  83%  the  measurements  with  better  than  +  25%  fluctuation.  The  rela¬ 
tively  large  scatter  is  caused  by  insufficient  variation  in  the  surface  tension, 
represented  by  only  two  liquids.  Furthermore,  it  must  be  remembered  that  the  method 
of  measurement  used  is  not  free  of  errors.  Ref.  /4/  provides  an  estimation  of  the 
error  involved  in  the  measurement  of  the  droplet  size  by  the  diffraction  method, 
according  to  which  the  relative  error  is  approximately  11%. 


In  the  light-dif fraction  procedure,  the  result  of  the  measurement  is  represented  in  a 
Rosin-Fammler  distribution  of  the  spray,  in  which,  as  is  known,  the  distribution  is 
represented  not  only  by  a  characteristic  diameter,  such  as  the  SMD  for  example,  but 
also  a9  to  two-parameter  distribution  by  the  exponent  n.  If  the  SMD  alone  is  stated, 
tne  so-characterized  distribution  is  comparable  with  others  if  the  exponent  n  remains 
constant . 


The  dependence  of  tho  exponent  n  or.  the  Wt  number  is  snown  in  figure  8.  It  varies 
only  slightly,  increasing  as  the  We  number  increases.  The  functional  relationship  is 


n  *  4.1  We 


0.16 


This  means  that  increasing  We  number  produces  somewhat  closer  scatter  in  the  droplet 
size. 


The  finding  for  SMD  shows  good  correspondence  with  the  relevant  investigations  as  per 
references  / 2 /  end  /3/,  where  the  Sauter  diameter  is  correlated  by  the  relation 
SMD  (  a L/  Ap^)  D  and  where  the  exponent  b  lies  between  0.45  and  0.6. 

3 . 2  Local  fuel  distribution 


Determination  of  the  amount  of  liquid  atomized  under  different  angles  results  in  a 
cumulative  frequency  curve  over  the  spray  angle  (figure  9)  .  To  enable  this  curve  to 
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be  characterized  by  a  Bing1©  value,  the  angle  q„(  at  which  50%  of  the  fuel  is  in¬ 
jected,  has  been  introduced,  ' 

Approximately  60  measurements  wore  made  at  different  pressures  and  relative  pressure 
drops,  using  two  different  liquids,  plotting  a  cumulative  frequency  curve  and  deter¬ 


mining  the  angle 


50 


in  each  case. 


The  reoults  were  correlated  using  the  following  relationships 

So  -  0-'«  °'4“  PA°-61  -K0-36'  V-186 


(2) 


This  equation  correlates  80%  of  the  measurements  within  a  scatter  of  +  15%  (figu¬ 
re  10)  .  In  the  same  wiy  as  the  mean  SMD,  the  spray  angle  qcq  very  much  depends  on 
the  relative  pressure  drop  and  the  absolute  air  pressure  as  well  as  on  the  surface 
tension,  giving  rise  to  the  suspicion  that  in  this  case  also,  the  droplet  size  is  of 
significance.  Comparison  of  equation  2  with  equation  1,  however-,  reveals  clear  dif¬ 
ferences  between  the  exponents.  Furthermore,  there  is  an  additional  dependence  of  the 
fuel  flow  or  the  AFR  at  constant  air  flow. 


On  the  basis  of  a  selected  series  of  measurements,  the  behaviour  of  the  opray  angle 
depending  on  the  air  pressure,  pressure  drop  and  the  AFR  is  illustrated  below. 

3.2.1  Air-fuel  rt>uo 

The  AFR  was  varied  by  varying  both  the  air  mass  flow,  i.e.  the  pressure  drop  via  the 
nozzle,  and  the  fuel  flow  rate.  The  influence  of  the  AFP  or.  the  spray  angled-,  is 
shown  in  figure  11.  The  angle  becomes  smaller  with  decreasing  AFR,  i.e.  with^lncreas- 
ing  fuel  content  of  the  mixture.  This  applies  to  a  very  similar  extent  with  both 
large  and  small  pressure  drops  irrespective  of  the  test  liquid,  The  larger  liquid 
content,  increases  the  amount  of  inert  liquid  to  be  accelerated  by  the  air,  meaning 
that  the  acceleration  of  the  individual  droplets  becomes  lower.  Consequently,  this 
leads  to  a  change  in  the  spray  angle  because  the  flow  of  air  downstream  of  the  nozzle 
is  subject  to  a  marked  radial  directional  change,  which  is  followed  by  the  droplets 
decreasingly  as  the  strength  of  the  aerodynamic  forces  acting  on  them  weaxens. 

Figure  31  also  illustrates  how  well  the  measurements  are  approximated  by  the  corre¬ 
lation.  Under  the  realistic  conditions  of  AFR  of  5  -  10:1  the  degree  of  error  is  less 
than  12%. 


3.2.2  Pressure  drop 

The  relative  air  pressure  drop  was  varied  between  2  and  12%.  The  relationship  between 
the  spray  angle  a  .  and  the  pressure  drop  for  three  different  pressures  at  constant 
AFR  is  shown  in  figure  12.  As  the  pressure  drop  increases,  the  angle  grows  notice¬ 
ably,  and  all  the  more  so  as  the  pressure  increases.  Clearly,  under  these  conditions 
the  fuel  droplets  increasing 3 y  f^3 low  the  aii  as  it  flows  radially  outwards. 

For  the  technically  interesting  range  of  3%  pressuie  drop,  equation  2  represents  the 
effect  of  pressure  drop  on  the  spray  angle  with  an  error  of  less  then  10%. 

3.2.3  Air  presssure 

The  air  pressure  was  varied  between  0.1  and  0.4  MPa  at  constant  relative  pressure 
drop.  Its  influence  on  the  spray  angle  is  shown  in  figure  13,  As  the  air  press¬ 

ure  increases,  the  spray  angle  increases  and  approaches  a  limiting  value,  which  is 
readied  when  the  direction  of  flow  of  the  fxiel  droplets  fully  coincides  with  that  of 
the  air.  Evidently,  under  normal  combustor  conditions  (  Af,. /P  <sr3%)  .  this  value  will 
be  reached  already  at.  the  relatively  low  pressure  of  0.4  MPa,  since  at  this  pressure 
the  spray  angle  a_.  is  in  the  region  of  360°.  With  the  present  geometry  of  the  test 
cell,  it  is  not  possible  to  have  a  spray  angle  greather  than  180®. 

Since  the  air  temperature  was  constant  ir.  the  teste,  the  density  of  the  air  depended 
solely  on  the  pressure.  Hence,  the  spray  angle  a...  is  plotted  against  the  density 
ratio  of  liquid  to  air  in  figure  14  In  this  cape,.  ]  iqnwi  used  was  water,  meaning 

that  similar  spray  angles  to  those  obtained  using  kerosine  are  only  reached  at 
smaller  density  ratios. 

In  combustion  chamber  tests  the  air  is  normally  preheated  to  the  compressor  discharge 
temperature  and  as  a  result,  at  the  same  pressure,  the  air  density  is  about  half  that 
in  the  spray  test6  here.  Consequently,  the  spray  angle  in  these  teats  would  have  been 
influenced  by  pressures  higher  than  0.4  M^a,  were  it  not  for  the  fact  that  under 
combustion  conditions  the  fuel  droplets  lose  mass  to  evaporation  along  their  flight 
path,  and  follow  the  air  stream  more  rapidly. 

It  remains  to  be  noted  that  already  at  relatively  low  pressure  as  mentioned  above, 
the  influence  of  the  present  air  blast  atomization  system  on  the  pressure- dependence 
of  combustion  can  he  ignored,  but  that  under  atmospheric  conditions,  however,  it  is 
not  possible  to  obtain  representative  results. 
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3.2.4  Influence  ot  droplet  size  or^  the  spray  anglt.- 


The  ability  of  the  droplets  to  follow  the  ail  flow  depends  on  the  size  of  the  drop¬ 
lets,  where  smaller  droplets  follow  the  flow  better  than  large  ones.  It  can  thus  be 
assumed  that  the  the  spray  angle  will  also  be  affected  by  the  mean  SHP  of  the 
spray.  To  verify  this,  the  Sauter  diameter  from  equation  1  in  introduced  into  the 
correlation  acc.  to  equation  2,  resulting  in  the  following  relationships 


°30 


0.237 

F  0.414 


SMD 


A 

"STITT 


0 . 3  <5 

AFR 


This  equation  shows  that  the  spray  angle  decreases  as  the  SMD  increases,  which,  in 
view  of  the  stronger  impulse  of  the  large  droplets,  is  a  reaction  that  was  to  be 
expected.  Aa  a  rule  in  combustor  testing,  the  relative  flame  tube  prengure  drop  is 
maintained  constant  irrespective  of  the  test  pressure.  Therefore  the  droplet  size 
mainly  depends  on  the  absolute  pressure  drop,  ard  with  increasing  test  pressure  not 
only  the  droplet  size,  but  also  the  fuel  distribution  varies.  The  influence  of  the 
Sauter  diameter  on  the  fuel  distribution  is  of  the  same  order  ns  the  influence  of 
pressure.  The  significance  of  the  relative  pressure  drop  is  small  because,  the  re¬ 
lative  pressure  drop  remains  more  or  less  constant,  also  if  the  combust  ion  chamber  is 
operated  under  differing  pressure  conditions,  . 


4  Conclusions 


Using  an  air  blast  atomizer  as  an  example,  the  influence  of  pressure  and  test  liquids 
on  the  droplet  Bize  and  fuel  distribution  is  illustrated.  It  is  well  known  that  both 
have  a  marked  effect  on  the  combustion  process  and  tne  i elated  factors  sucl:  as  wall 
temperatures,  smoke  behaviour,  coke  formation,  stability  of  combustion  and  tempera¬ 
ture  distribution  at  the  combustor  outlet.  The  pressure  was  regularly  found  the  exert 
a  marked  influence  on  the  above  criteria,  for  example  when  tests  at  atmospheric 
pressure  are  compared  with  those  at  higher  pressures.  There  are  various  reasons  for 
this,  such  as  the  greather  flame  radiation,  accelerated  thermal  and  mass  transfer  or 
higher  reaction  rates.  But  it  is  revealed  that  these  phenomena  alone  are  not  suffi¬ 
cient  to  account  absolutely  for  the  change  in  behaviour  between  operation  at  atmos¬ 
pheric  and  at  higher  pressure.  An  attempt  was  therefore  made  to  investigate  the  spray 
behaviour  of  the  air  blast  atomizer  in  relation  to  absolute  pressure  in  a  test  set-up 
at  constant  air  temperature  without  combustion. 


This  revealed  the  following: 

-  The  droplet  sire,  represented  by  the  SMD,  can  be  correlated  well  with  the  absolute 
pressure  drop,  where  the  exponent  of  this  relationship  corresponds  well  with 
exponents  derived  from  measurements  according  to  the  literature. 

-  The  mean  spray  angle  a&0  changes  markedly  with  air  pressure.  This  lius  two  causes, 
firstly  the  pressure-related  mass  inertia  of  the  droplets,  and  secondly  the 
pressure-  and  relative  pressure  drop-related  aerodynamic  forces  of  the  air  acting 
on  the  droplets.  Whilst  the  mass  inertia  of  the  droplets  assists  them  maintain 
their  direction  of  motion,  the  aerodynamic  fotces  tend  to  iorce  the  drupieta  to 
change  direction,  insofar  as  the  flow  directions  of  the  air  and  droplets  differ. 
Such  conditions  usually  prevail  when  the  air  is  strongly  swirled  by  the  nozzle. 


-  The  two  causes  can  be  separated.  The  influence  of  pressure  on  the  spray  angle 

a.-,  resulting  from  the  aerodynamic  forces,  is  of  similar  magnitude  to  that 
resulting  from  the  droplet  size. 

In  contrast  to  the  droplet  size,  the  spray  angle  also  depends  on  the  AFR,  because 
of  the  interaction  between  the  fuel  and  air  downstream  of  the  nozzle.  As  the 
amourt  of  fuel  in  the  mixture  increases,  the  aerodynamic  forces  acting  on  the 
droplet b  decrease,  and  the  spray  angle  grows  smaller. 

-  If,  for  safety  reasons,  the  atomization  tests  are  carried  out  UBing  water  instead 
of  fuel,  the  conditions  must,  be  adapted  according -to  whether  the  droplet  size  or 
the  spray  angle  is  being  investigated. 
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Fig.  1:  Scheme  of  an  Air  Blast  Atomiser 
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Fig.  3:  Apparatus  for  the  Determination 
of  the  Droplet  Size  Distribution 


Fig.  4;  Apparatus  for  the  Determination 
Of  the  Spray-Angle  Distribution 
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Fig.  S :  Determination  of  Spray  Angle 

from  the  Oeometri ca 1  Dimensions 


Fig.  6:  Influence  of  varying  Atomizer  Air 
Pressure  Drop  and  Ambient  Air 
Pressure  on  Spray  Mean  Droplet 
Site 
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Tig.  9:  Measured  Spray  Angle  Fig.  iO.  Coiielation  lor  the  Mean  spray 

Distribution  Curve  Angle  a50 
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Fig.  13:  Effect  on  Ambient  Air  Pressure 
on  Mean  Spiny  Angle 
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Fig.  14:  Effect  of  Liquid/Alr  Pensity 
Fat io  Upon  Mean  Spray 
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DISCUSSION 


A.Ufihvrf,  US 

Your  analysis  of  the  factors  governing  spray  angle  and  the  variation  of  spiay  angle  with  combustion  operating  conditions 
lias  much  to  commend  it. 

However,  it  is  not  made  clear  in  your  paper  that  the  equation  you  have  derived  for  spray  angle  applies  only  to  the 
atomi/er's wirier  configuration  you  have  tested,  and  could  give  misleading  results  if  applied  to  other  fuel  nozzle  'air 
s wirier  combinations. 

Author’s  Reply 

It  was  not  the  intention  of  our  papers  to  derive  a  spray  angle  equation  suitable  for  all  types  of  atomizers.  What  we  wanted 
to  show  t\  that  there  is  a  masked  influence  of  air  pressure  on  the  spray  angle  according  to  the  given  equation  for  atomizer/ 
swirlcr  combinations,  where  the  atomizer  is  surround  by  a  >Jfo»ig  swiilci  This  was  ai.so  pointed  out  in  the  conclusion*. 
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SUMMARY 

The  purpose  of  this  paper  is  to  examine  the  3pray  performance  of  a  vaporiser  fuel 
injector  of  a  type  that  has  accumulated  extensive  service  experience  in  sub  -  and 
supersonic  commercial  and  military  aircraft  applications.  Spray  performance  data  covers 
a  wide  range  of  operating  conditions  including  the  effects  of  fuel  quality  as  well  as 
the  atomizing  air  temperature.  The  chief  objective  is  to  further  not  only  the  current 
level  of  understanding  regarding  the  fundamental  functional  a3pectg  of  vaporiser 
technology  but  also  the  data  base  for  future  designs. 


INTRODUCTION 

Effective  fuel -air  mixture  preparation  is  now  widely  recognised  a3  being  of  paramount 
importance  in  order  to  achieve  satisfactory  combustor  performance.  This  is  acknowledged 
to  be  the  case  it.  the  context  not  only  of  the  current  but  to  ar.  even  greater  extent  for 
the  future  generation  of  gas  turbine  engines  with  their  inherently  more  demanding 
operational  requirements  of  pressure,  temperature,  fuel  flexibility/flow  n  ge  and 
pollution  control.  The  mechanism  through  which  bulk  fuel  is  transformed  i'  o  a  spray  of 
droplets  and  the  factors  influencing  their  behaviour  need  to  be  well  under  ood  if 
sprays  featuring  optimum  characteristics  as  well  as  satisfactory  interaction  with  the 
combustor  primary  zone  environment  are  to  be  generated.  This  has  resulted  in  a 
considerable  amount  of  research  activity  in  recent  years  focusing  attention  upon  the 
structure  of  spray  emanating  from  fuel  injectors.  However,  with  very  few  exceptions 
( nef 5  1-3)  these  studies  have  been  restricted  to  pressure  arid  airbiast  atomised  sprays, 
largely  at  ambient  air  conditions. 

This  paper  is  devoted  to  ar.  examination  of  the  spray  performance  of  a  vaporising  fuel 
injection  system  of  a  type  that  has  been  used  extensively  by  Rolls-Royce  in  sub-and 
supersonic  commercial  and  military  aircraft  applications.  The  modern  annular  vaporising 
chamber  concept  depicted  in  Figure  l  is  fully  described  in  Ref  4.  The  continuing 
effectiveness  of  the  'aporiser  is  demonstratev1  by  its  having  achieved  substantial 
trouble-free  service  life,  2300  hours  to  date,  in  the  Olympus  553  engine  featured  in 
Concorde.  Confidence  in  its  future  is  illustrated  by  its  current  use  in  the  RB199 
engine  in  Tornado  as  well  as  by  its  selection  for  the  EJ200,  the  Euro  Jet  Fighter  for 
the  next  century.  Whilst  the  vaporising  fuel  injector  has  demonstrated  highly 
competitive  combust ion/emissions  performance  thus  far,  its  projected  useage  under  more 
arduous  conditions  of  operation  has  prompted  a  thorough  re-appraisal  of'  the  fundamental 
functional  aspects  of  vaporiser  technology. 

It  transpires  that  the  corridor  of  satisfactory  vaporiser  operation  (eg.  adequate 
mechanical  integrity  without  significant  smoke,  carbon  accretion  etc)  narrows  with 
increasing  corapi’pssnr  exit,  t  pninprs t  »re .  Extreme  caution  therefore  needs  to  be  exercised 
in  the  selection  of  the  air-to-fuel  ratios  (AFR)  that  the  vaporiser  Is  designed  to 
operate  with,  especially  at  fuel  rich  conditions.  Of  particular  relevence  to  the  design 
process  is  the  development  of  an  in-depth  understanding  of  the  mechanistic  as  well  as 
the  operational  behaviour  of  the  vaporising  Injector  through  a  serie-’  c  wel  1-planr'  d 
and  executed  experiments  under  non-combusting  and  combusting  condltl ons>.  Some  of  t.e 
results  pertaining  to  the  vaporiser  efflux  obtained  during  the  course  of  ^uch  studies 
arc  the  subject  of  this  paper. 

EXPERIMENTAL 


At  the  very  outset  it  was  felt  that  the  use  of  imaging  cum  laser  diffraction  techniques 
should  prove  beneficial  in  obtaining  experimental  data  that  would  shed  adequate  light  on 
the  mechanist ic/operat ional  behaviour  of  the  vaporising  style  of  fuel  injector.  Short 
duration  spark  photography  was  expected  to  identify  the  character  of  the  efflux  at  the 
point  of  exit  from  the  vaporiser  tubes  under  non-combusting  and  combusting  conditions 
whereas  the  laser  diffraction  technique  was  t.o  p-ovide  quantitative  information 
regarding  the  spray  structure  vis-a-vis  the  drop  size.  Futhermore ,  the  well 
established,  non-intrusive  nature  of  the  two  techniques  selected  for  experiments  offered 
the  prospect  of  meaningful  and  reliable  results. 
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The  test  hardware  and  experimental  technique  employed  in  the  spark  photographic 
investigation  were  largely  as  described  in  Ref  1.  A  single  vaporiser  sector  cut  from  a 
typical  annular  combustor  was  fitted  with  transpiration  cooled  sidewalls  and  modified  to 
permit  optical  access  to  the  vaporiser  efflux  rone  (figures  2,3).  A  heat  exchanger  was 
installed  in  the  vaporiser  fuel  delivery  line  to  enable  the  fuel  temperature  effects  tc 
be  investigated  in  this  study. 

The  argon  arc  light  source  and  associated  optics  provided  a  parallel  beam  of  light  which 
illuminated  the  spray  for  a  duration  of  approximately  300  ns  and  a  focused  shadow  of  the 
"frozen'  efflux  was  cast  In  the  plane  of  the  film.  The  current  exercise  featured  a 
light  source  of  Increased  power  (ca.  Xi.5)  to  that  of  the  Lunartron  unit  used  In  the 
previous  tests  -  thus  offering  the  prospect  of  more  reliable  data.  The  shadowgraphy 
technique  was  applied  to  combusting  and  non-combusting  effluxes  at  air  pressures  upto 
1300  kPa. 

The  experimental  set  up  utilised  for  spray  drop  si^e  measurements  was  simila"  to  that 
used  in  Ref.  5.  Non-vitiated ,  hot  air  wa3  generated  by  using  electrical  resistance 
heating  in  combination  with  counter-flow  type  of  heat  exchanger  unit  connected  to  a 
kerosine  fired  slave  combustor.  The  mass  flow  of  hot  air  that  was  surplus  to 
requirement  bypassed  the  vaporiser  working  section.  An  orifice  plate  to  BS10U2  was 
installed  a3  close  as  practically  possible  to  the  measurement  section  to  enable  the  air 
mass  flow  monitoring.  A  thermocouple  was  located  Just  upstream  of  the  vaporiser  air 
inlet.  Air  pressure  drop  across  the  vaporiser  was  measured  by  a  manometer  and  all  drop 
size  tests  were  carried  out  at  near  atmospheric  pressure. 

The  vaporiser  as  well  as  the  fuel  injector  geometry  for  the  drop  size  study  was 
basically  identical  to  that  deployed  for  the  spark  photographic  assessment.  The  fuel 
supplied  to  the  injector  was  at  ambient  temperature  and  the  relevant  flow  conditions 
were  achieved  by  using  calibrated  flow  meters. 

Spray  drop  size  measurements  were  carried  out  by  utilising  a  commercially  available 
particle  sizer  -  Malvern  Instruments  Model  2200.  Briefly,  the  instrument  is  based  upon 
the  well  established  principle  of  diffractive  scattering  of  a  collimated,  coherent  and 
monochromatic  beam  of  light  in  the  forward  direction  as  a  result  of  its  passage  through 
the  test  spray.  The  instrument  uses  a  Helium  -  Neon  laser  as  the  light  source  while  a 
multi-element,  concentrically  configured,  semi-ci rcular  ring  detector  monitors  the 
scattered  light  signals.  Through  a  process  of  iteration  a  dedicated  microcomputer 
arrives  at  a  drop  size  distribution  that  exhibits  a  computed  light  energy  distribution 
close  to  that  actually  measured.  The  computed  versus  measured  light  energy  distribution 
comparisons  can  be  performed  for  a  range  of  assumed  drop  size  distributions  -  notably 
Rosin  -  Ftammier,  log  -  normal,  model  -  independent,  etc. 

In  house  and  commercially  developed  light  diffraction  instruments  have  been  used 
extensively  for  gas  turbine  fuel  spray  research  in  recent  years-  Drop  size  data 
reported  in  the  open  literature,  thus  far  however,  has  been  confined  mainly  to  injectors 
spraying  in  ambient  air  conditions  due  to  considerations  of  cost  and  complexity.  Some 
exposure  had  «i  .vet  Unless.  been  achieved  in  the  use  of  such  optical  techniques  for 
twin-fluid  atomised  spray  studies  in  elevated  air  pressure  environments  (Refs.  6  and  7). 
By  contrast  there  was  almost  a  total  dearth  of  similar  exposure  to  twin-fluid  atomised 
spray  studies  under  conditions  of  elevated  air  temperature.  Preliminary  tests  with  hot 
air  revealed  the  pattern  of  light  scattering  in  the  proximity  of  the  optical  axis  to  be 
significantly  different  from  that  for  the  ambient  temperature  tests.  This  change  in 
light  scattering  pattern  was  observed  to  follow  the  air  temperature,  increasing  with  an 
increase  in  sir  temperature  and  vice  versa.  Furthermore,  the  problem  seemed  to  be  just 
as  severe  even  in  the  absence  of  liquid  fuel  injection.  From  analysis  of  the  scattering 
data,  it  became  apparent  that  the  laser  beam  was  being  d 1 rfused/nteered  in  the  vicinity 
of  the  optical  axis.  Refractive  index  variations  resulting  from  temperature  gradients 
are  responsible  for  the  generation  of  additional  scattering  cells.  Consequently ,  the 
overall  scattering  pattern  is  a  combination  of  that  due  to  liquid  droplets  as  well  as 
the  thermal  effects.  The  procedure  adopted  during  the  tests  was  to  record  the 
background  light  scattering  levels  at  each  of  the  working  temperatures  in  the  absence  of 
liquid  fuel  injection  as  the  reference.  This  was  followed  by  the  test  run  wherein  the 
fuel  was  injected  and  the  subsequent  drop  size  analysis  took  account  of  the  background 
light  levels  at  the  relevant  air  inlet  temperature  thus  effectively  countering  the.  beam 
steering  problem. 

Effects  of  fuel  quality  upon  vaporiser  performance  were  confined  in  both  studies  to 
aviation  kerosine  and  gas  oil.  Relevant  properties  of  the  two  fuels  are  listed  in  table 
1 . 

R ES U LTS  AND  DISCUSSION 


The  primary  objective  of  the  parametric  exercise  reported  here  was  to  study  the  effect 
of  air,  fuel  and  injector  variables  upon  vaporiser  performance  in  a  combusting  and 
non-combusting  environment.  This  was  expected  to  improve  not  only  the  level  of 
knowledge  regarding  the  detailed  structure  of  the  two-phase  efflux  emanating  from  the 
vaporising  fuel  injector  but  also  the  design  capability  for  future  applications, 
Futhermore,  the  availability  of  such  experimentally  determined  representative  data  could 
also  enhance  the  prospect  of  its  being  usefully  correlated  with  some  key  aspects  of 
combustion  performance. 
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Spray  Imaging 

This  technique  is  generally  capable  of  detecting  the  very  high  frequency  variations  to 
which  all  fuel  injectors  are  subjected.  The  photographs  presented  in  this  paper  feature 
a  magnification  of  approximately  throe  and  give  a  gocd  account  of  the  average  situation 
at  each  te3t  condition.  The  zone  illuminated  by  the  spark  is  shown  in  figure  3- 

Effect  of  Combustion 


The  comparison  made  between  the  effluxes  at  non-burning  (no  vaporisation  situation)  and 
burning  conditions,  plate  1(a)  and  1(b)  respectively,  highlights  the  significance  to 
fuel  preparation  process  of  the  heat  transfer  from  the  reacting  gases  to  the  vaporiser 
walls.  A  detailed  semi-err.pirical  assessment  of  the  external  heat  transfer  processes 
with  allowances  for  turbulence  enhancements  of  the  convective  and  radiative  fluxes 
inferred  an  upper  limit  ox”  50  percent  for  the  degree  of  vaporisation  at  this  burning 
condition.  Thi3  is  borne  out  by  the  experimental  results. 

Effect  of  Fuel  Temperature 

Fuel  temperatures  significantly  higher  than  ambient  occur  at  all  engine  conditions  as  a 
result  of  the  fuel  being  used  as  the  coolant  medium  in  lubricating  oil  coolers.  The 
effect-  this  has  on  the  fuel  preparation  process  within  the  vaporiser  at  idle  conditions 
is  also  evident  in  Plate  1,(b)  versus  (c).  A  comparison  between  plates  1(c)  and  1(a) 
reveals  the  degree  of  vaporisation  under  combusting  conditions  with  hot  fuel  to  be  of 
the  order  of  80  percent.  This  is  broadly  in  line  with  the  predicted  value  at  these 
conditions. 

Effects  of  Vaporiser  APR ,  Inlet  Air  Temperature 

It  is  clear  from  Plate  2  that  increase?  in  AFP  h've  a  beneficial  influence  upon  the 
spray  quality.  Since  such  improvements  are  translated  into  higher  combustion 
efficiencies  and  lower  smoke/carbon  levels  it  is  extremely  important  that  as  high  a 
vaporiser  air  throughput  as  Is  compatible  with  irtegrity  should  be  employed. 

Similarly,  the  degree  of  vaporisation  and  fineness  of  the  spray  improve  with  increasing 
inlet  air  temperature  (Plate  3).  Provided  that  th?  air  temperature  is  above  the  boiling 
range  of  the  fuel  at  a  given  pressure,  this  mechanism  of  fuel  heating  is  very  effective 
considering  the  3hort  residence  times  involved.  These  results  suggest  an  intimate 
physical  contact  between  the  fuel  and  air  within  the  vaporiser-  Thj3  is  a  direct 
consequence  of  the  complex  internal  aerodynamics  isee  plate  4)  necessary  to  ensure  that 
all  internal  surfaces  of  the  device  are  well  scrubbed  by  the  two  phase  mixture  (Ref.  8). 

Effect  of  Pressure 


The  spark  photographic  investigation  has  been  extended  to  examine  the  vaporiser1  efflux 
at  high  pressures.  As  expected  the  mottled  background  (schlieren  effect  seen  in  all 
combusting  effluxps)  became  increasingly  dcr.cc  ot  higher  pressures  eventually  causing  * 
degree  of  obscuration  beyond  which  no  useful  information  could  be  derived  by  this 
approach.  The  working  ranee  of  the  technique  was  thus  defined  as  between  ambient 
pressure  and  1300  fcFh. 

The  efflux  for  a  typical  AFR  and  inlet  air  temperature  at  this  pressure  limit  is 
presented  In  Plate  5.  Although  the  ability  of  the  technique  to  detect  droplets  at  these 
pressures  is  unknowa,  it  is  fair  to  claim  a  high  degree  of  vaporisation  at  this 
condition  bearing  in  mind  that  here  there  is  a  four-fold  increase  in  fuel  flow  over  the 
idle  condition. 

From  a  simple  analysis  of  the  two  phase  flow  through  the  device  at  these  conditions  it 
i 3  clear  that  the  heat  energy  of  the  airstream  ai.one  is  sufficient  for  this  to  be  the 
case-  Autoignition  precluded  comparisons  of  burning  and  non-burning  effluxes  at  this 
pressure . 

A  very  modest  carbon  accretion  on  the  vaporiser  outlet  is  evident  at  this  condition. 
Effect  of  Injector  Geometry 

The  ^-Jet  fuel  injector  was  conceived  as  a  solution  to  the  problem  of  potentially 
damaging  thermal  gradients  resulting  from  the  deletion  of  stem  cooling  air  on  the 
Olympus  593  vaporiser  (Figure  it).  Although  its  introduction  in  service  has  not  proven 
necessary  with  the  identif ication  of  improved  materials,  this  fuelling  arrangement  may 
make  a  worthwhile  contribution  to  gaseous  emissions  and  stroke/carbon  control  at  more 
arduous  operating  conditions. 

An  investigation  of  its  effect  on  efflux  quality  (Plate  6)  confirmed  the  potential 
benefits  of  doubling  the  number  of  fuelling  points.  The  more  even  fuel  coverage  of  the 
vaporiser  stem  walls  is  translated  into  an  improved  fuel  distribution  at  the  outlet  and 
furthermore  at  high  inlet  air  temperatures  the  more  intimate  fuel/alr  contact  is 
reflected  In  higher  degrees  of  vaporisation  relative  to  the  standard  2-jet  system.  Such 
improvements  in  fuel  preparation  prior  to  combustion  may  prove  necessary  to  maintain 
smoke  and  carbon  deposition  at  acceptable  levels  for  advanced  cycle  engines. 
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Effect  of  Fuel  Quality 

It  is  desirable  that  the  vaporising  fuel  injector  exhibits  satisfactory  fuel 
flexibility/multi-fuel  capability  to  adequately  cope  with  the  potential  concerns 
regarding  the  quality  of  gas  turbine  fuels  in  future  as  well  as  under  emergency 
situations-  Consequently  to  determine  the  sensitivity  of  the  vaporiser  fuel  preparation 
process  to  fuel  type,  efflux  measurements  were  made  while  burning  a  poor  quality  gas 
oil.  A  direct  comparison  with  the  performance  on  standard  aviation  kerooine  is  made  in 
Plate  7.  From  a  simple  calorimetric  viewpoint,  the  lower  degrees  of  vaporisation  3een 
with  the  gas  oil  are  not  surprising.  However,  it  has  bi  in  demonstrated  recently  in  a 
series  of  alternative  fuel  engine  tests  that  the  penalty  incurred  in  Idling  efficiency 
as  a  result  of  such  a  deterioration  in  spray  quality  is  less  than  0.05  percent. 

An  Important  poipt  to  note  is  that  at  the  engine  idle  condition  (Plate  7,  Condition  A) 
no  evidence  of  carbon  deposition  on  the  vaporiser  is  seen  with  the  gas  oil. 

Furthermore,  horoscope  inspections  of  the  engine  combustor  after  extended  running  on 
similar  and  even  poorer  quality  fuels  over  the  entire  operating  range  revealed  no 
significant  carbon  accretion  on  the  vaporiser  or  anywhere  else  within  the  combustor.  It 
was  discovered  possible,  however,  to  generate  substantial  deposits  on  the  vaporiser  stem 
and  outlet  tube  at  certain  conditions  not  encountered  during  engine  operation  (Plate  7, 
Condition  B).  The  level  of  deposition  shown  represents  an  equilibrium  situation. 

The  overall  impression  that  emerges  from  the  spark  photographic  work  and  engine  test 
programme  is  that  the  vaporising  combustor  is  remarkably  insensitive  to  fuel  type. 


Prop3ize  Measurements 


Before  the  main  investigation  could  proceed,  the  location  of  the  drop  size  measuring 
station  had  to  be  selected  carefully  in  order  to  ensure  meaningful  results. 

Measurements  that  are  made  too  close  to  the  vaporiser  outlet  will  be  misleading  because 
the  mechanism  of  droplet/spray  formation  will  not  have  pro-eeded  to  its  natural 
completion.  Equally,  measurements  too  far  downstream  from  the  outlet  will  also  be 
unsatisfactory  due  to  t.he  possible  influence  of  such  secondary  effects  as  droplet 
coalescence  and  evaporation.  Experimental  data  in  this  study  was  obtained  at  two 
stations  located  some  3  and  6  centimetres  from  the  vaporiser  outlet.  The  3  centimetre 
station  was  relevant  to  the  combustor  head/vaporiser  geometry  while  the  other  station 
was  selected  to  ensure  compatibility  with  the  bulk  of  other  work  carried  out  at  the 
spray  laboratories.  Drop  size  data  relating  to  the  3  centimetre  station  is  presented  in 
the  subsequent  sections  while  reference  9  features  the  full  data. 


Effect  of  AFR 

Figure  5  depicts  the  influence  that  the  vaporiser  AFR  has  upon  its  Sauter  Mean  Diameter 
(SMD)  performance  for  a  range  of  air  inlet  temperatures  with  kerosine  as  the  spray 
medium.  An  increase  in  vaporiser  AFP  can  be  observed  to  result  in  an  improves  spray 
quality,  although  the  degree  of  Improvement  diminishes  at  higher  levels  of  air  Jnlet 
temperature  as  well  as  AFR.  This  reinforces  the  spark  photographic  study  finding  that 
higher  values  of  AFR  are  conducive  to  the  attainment  of  improved  combustion  performance. 
From  these  results  It  is  evident  that  caution  needs  to  be  exercised  in  selecting  the 
design  point  AFR.  Excessively  large  values  of  AFR  may  result  in  some  of  the  additional 
air  not  actually  contributing  to  improved  spray/corabust ion  performance  along  with  the 
added  risk  of  thermal  distress  at  high  power  conditions. 


Effect  of  Air  Pressure  Drop 

Engineers  are  faced  with  tne  perennial  demand  of  having  to  design  gas  turbine  combustors 
that  will  operate  satisfactorily  with  a  minimum  of  air  pressure  drop.  This  in  turn 
requires  that  careful  attention  be  devoted  to  the  vaporiser  air  flow  features  in  order 
to  achieve  the  best  possible  level  of  spray  performance  that  is  compatible  with  required 
degree  of  wall  cooling.  Figures  6  and  7  illustrate  the  influence  that  vaporiser  air 
pressure  drop  has  upon  spray  quality.  Clearly,  the  higher  the  available  air  pressure 
drop  t.he  superior  the  drop  size  performance  although  the  degree  of  this  superiority  can 
be  seen  in  both  the  figures  to  diminish  somewhat  at  higher  levels  cf  air  inlet 
temperature.  Both  the  above  performance  trends  sre,  generally  “-peaking,  akin  to  those 
already  established  for  conventional  air  blast  atomisers  (Ref.  6,7). 


Effect  of  Air  Temperature 


The  Influence  of  air  temperature  on  mean  drop  size  is  shown  in  figure  8  where  SMD  is 
plotted  against  vaporiser  inlet  air  temperature  for  a  range  of  AFRs  at  a  constant  ait- 
pressure  drop  of  5  percent.  Higher  air  temperature  can  clearly  be  seen  to  yield 
significantly  finer  sprays. 


Such  a  powerful  effect  of  a li  t  jr/peva  ture  upen  mean  drop3ize  performance  i3  in  agreement 
with  the  findings  of  the  lof.gi-'g  fttudy.  The  airblast  atomisation  study  of  Rizkalla  and 
Lefebvre  (Ref.  10)  is  the  only  o  her  attempt,  to  the  best  of  the  authors'  knowledge,  at 
exploring  the  effect  of  air  temperature  upon  twin-fluid  atomised  spray  quality. 

However,  their  work  was  limited  to  a  maximum  air  temperature  of  *4 2-U “K  and  the 
interpretation  of  results  somawhat  difficult  due  to  the  combined  variations  in  AFP  and 
air  inlet  temperature.  Fut her more,  they  made  no  comment  whatsoever  regarding  the 
problem  of  beam  steerjnfc.  Their  results  showed  a  linear  increase  in  SHD  when  the  air 
temperature  was  raised  i r  conjunction  with  a  reduction  in  AFR.  In  view  of  the 


foregoing,  however,  it  is  perhaps  inappropriate  to  draw  comparisons  between  the  two 
studies.  In  general  though,  the  effect  of  air  temperature  upon  spray  quality  would  be 
expected  to  be  somewhat  stronger  for  the  vaporising  type  of  fuel  injection  system 
relative  to  the  air  blast  due  largely  to  the  considerations  of  residence  time  and 
internal  aerodynamics. 

Effect  of  Fuel  Quality 


Figure  9  illustrates  the  effect  of  fuel  quality  upon  vaporiser  mean  drop  size 
performance  over  a  range  of  inlet  air  temperatures.  At  air  temperatures  close  to 
ambient,  the  change  in  spray  media  from  kerosine  to  gas  oil  leads  to  an  increase  in  SMD 
due  largely  to  an  increase  in  absolute  viscosity  alone  -  the  effects  of  changes  in 
surface  tension,  density  and  distillation  range  being  relatively  insignificant.  As  the 
air  temperature  rises,  the  difference  in  spray  quality  is  a  consequence  of  the  combined 
influence  of  absolute  viscosity  and  distillation  range  differences.  These  results  do 
not*  however,  provide  an  insight  into  their  relative  importance  from  tire  viewpoint  of 
SMD.  On  the  face  of  io,  the  viscosity  sensitivity  of  the  vaporising  fuel  injector  at 
air  temperatures  close  to  ambient  does  not  appear  to  exhibit  any  marked  difference 
relative  to  that  observed  for  airblast  systems.  Furthermore,  the  vaporiser  fuel 
injector  is  free  from  small  orifices  which  may  be  prone  to  blockage  due  to  gumming  while 
operating  on  poorer  quality  fuels. 

Effect  of  Injector  Geometry 

As  stated  before,  the  modified  Jet  fuel  injector  of  figure  4  offers  the  prospect  of 
reducing  thermal  gradients  in  the  inlet  section  of  the  vaporiser  tubes  relative  to  the 
basic  2  jet  injector.  Figure  10  allows  a  comparative  assessment  of  their  spray 
performance  at  two  different  levels  of  air  pressure  drop.  As  might  be  expected  and 
indeed  observed  in  the  imaging  study  the  4  Jet  injector  is  exhibiting  a  somewhat 
superior  drop  size  performance  as  a  result  of  more  intimate  fuel  and  air  interaction. 
This  is  backed  up  by  liquid  film  studies  that  show  a  more  even  coverage  of  the  inside 
walls  in  the  vaporiser  inlet  stem  area  (Ref,  9). 

CONCLUDING  REMARKS 


The  choice  of  imaging  cum  laser  diffraction  technique?  for  examining  the  spray 
performance  of  the  vaporiser  fuel  injector  has  turned  out  to  be  a  satisfactory  one.  A 
testimony  to  that  effect  is  provided  by  the  aforegoing  sections  of  the  paper  that 
feature  detailed  and  extensive  experimental  data  covering  a  wide  range  of  combusting  as 
well  as  non-combusting  conditions.  The  two  techniques  complement  each  other  to  yield  a 
balanced  insight  into  the  phenomenological  as  well  as  the  operational  behaviour  of  the 
vaporiser  -  thus  helping  to  advance  significantly  the  state  of  knowledge  regarding  this 
style  of  fuel  injector.  Many  of  the  uncertainties  have  been  minimised  if  not  entirely 
dispel  led . 

The  results  presented  in  this  paper  reveal  that  despite  its  mechanical  and  geometric 
simplicity,  the  vaporising  fuel  injector  achieves  high  degrees  of  atomization, 
vaporisation  and  pre-mixing  at  engine  idle  conditions.  Extension  of  these  results  to 
higher  power  conditions  as  typified  for  example  by  take  off  air  pressures  and 
temperatures  would  indicate  further  improvements  in  mixture  preparation.  In  addition, 
the  vaporiser  seems  to  be  remarkably  insensitive  to  fuel  type  -  coping  admirably  with 
gas  oil. 

The  vaporising  fuel  injector  exhibits  spray  performance  trends  that  are  generally 
similar  in  character  to  those  already  observed  on  conventional  airblast  atomizers  -  for 
example  an  improvement  in  spray  quality  with  increases  in  AFR  and  air  pressure  drop 
uhll3t  an  increase  in  fuel  viscosity  having  a  somewhat  adverse  effect.  A  noteworthy 
exception  to  this  general  similarity  being  the  stronger  influence  exerted  by  the  air 
temperature  upon  the  dropsize  performance  of  the  vaporiser  due  largely  to  considerations 
of  residence  time  and  internal  aerodynamics.  It  is  hardly  surprising  therefore,  that 
the  vaporising  fuel  injector  is  able  to  deliver  highly  competitive  combustion/ emissions 
performance. 
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PROPERTY 

TABLE  1 

KEROSINE 

GAS  CIL 

Density  in  kg/m^ 

797  ■ 

863 

at  15  C 

Absolute  Viscosity 

0.0013 

0-0053 

in  Ns/ni  at  15°C 

Surface  Tension  in 

0.027 

0.0299 

N/m  at  20° C 

Distillation  Range,  °C 

152-236 

188-3*12 

fig.  I  ANNULAR  VAPORISING  CHAMBER 
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DISCI  kSSlON 


A.H.I/cfcbtre,  US 

You  Male  (hat  increase  in  inlet  aii  temperature  lias  a  beiichual  effect  on  atomization.  C,,'cly  this  is  because,  foi  a  constant 
value  of  APa/Pa.  an  increase  in  air  tcmpcrutuic  taises  ilie  velocm  thiough  the  vap  .zer.  It  is  this  higher  velocity  that 
enhances  atomization,  not  the  higher  temperature  winch,  in  fact,  lias  an  ad  seise  effect  on  atomization. 

Author's  Reply 

7he  tests  reported  in  Plate  3  were  carried  out  *11  a  constant  APa  Pa  and  this  indeed  meant  that  an  increase  in  temperature 
resulted  in  an  increase  in  air  velocity.  I  lowcvcr,  the  magnitude  of  the  improvement  in  atomization  degree  of  vaporization 
due  to  a  temperature  rise  of  /(PC'  (Plate  3(b)  vs  3(a))  cannot  simply  be  explained  by  the  small  increase  in  ;ui  velocity 
(calculated  to  he  7  percent).  The  improved  spray  quality  is,  theieloie,  clearly  due  to  intimate  contact  between  the  fuel  and 
the  hot  air  within  the  vaporizer. 


Question 

You  quote  3  percent  as  being  typical  ol  the  prcssinc  drop  across  a  vaporize  i.  II  this  is  hue  it  lepresents  a  basic  di  aw  back  to 
file  vapoti/er  system  in  comparison  to  llicairblast  atonii/ci  w  inch  funeitons  very  satislaetoi  My  with  piessuiedtops  of  halt 
this  value. 

Author’s  Reply 

Combustor  design  is  based  upon  wall  pressure  drop  lathei  than  injector  pressure  drop.  For  a  given  wall  kiss  the  pressure 
drop  across  the  vaporizer  is  no  greater  than  that  aeioss  a  typical  ait  blast  atomizer  The  value  of  live  percent  quoted  in  the 
text  arises  because  the  Iced  to  the  vaporizer  does  not  incur  any  diffuse!  loss,  lit  reverse  How  conibustois  where  tins  is 
obviously  not  the  ease,  the  vaporizer  operates  very  satisfactorily  at  pressure  drops  ol  less  than  hall  this  value-  In  general, 
though,  such  comparisons  can  only  be  meaningful  if  perlornied  for  the  same  application  'duty. 


Quest  *on 

Your  conclusion  thaf  the  atomizing  performance  of  the  vaporizer  is  comparable  to  that  of  an  airhktsi  atomizer  is  difficult 
to  justify  on  the  basis  of  your  experimental  data  most  of  which  were  obtained  at  values  of  AlVPa  that  would  he 
considered  unacceptably  high  for  an  uirblast /nozzle. 


Author’s  Reply 

Sec  the  reply  above. 


Question 

I  lave  you  attempted  experiments  or  calculations  to  assess  the  relative  merits  of  these  two  devices  at  comparable  operating 
conditions?  Fuel  vaporization  may  have  much  to  commend  tt,  but  the  design  lcatutcs  employed  to  achieve  vapoi  ization 
(random  impingement  of  fuel  drops  on  tube  walls,  inbum  pressure  iovses  m  K  njs.ei«)  n»u*-»  mctcl)  impair  performance 
when  the  "vapoi  izer'  is  operating  in  an  atomizing  mode. 

Author’s  Reply 

Fuel  vaporization,  v  hich  is  clearly  high,  obviously  has  much  to  commend  it.  Furthermore,  the  results  indicate  that  the 
design  features  do  not  impair  performance  in  the  atomizing  mode.  However,  assessment  of  relative  merits  of  the 
vaporizing  and  ait  blast  injectors  under  comparable  conditions  is  hampered  by 

i)  differences  in  injector  physical  scales 

ii)  differences  in  operating  conditions  —  foi  example  lack  of  satisfactory  data  regarding  ilk  effecl  of  air  tcuipeiatuic  oil 
airblast  atomized  sprays 

iii)  lack  of  reliable  and  somewhat  universal  dropsize  correlation  —  those  developed  thus  far  being  specific  to  a  given 
airblast  atomizer  geometry  etc. 

n.firienche,  FF. 

Firstly,  I  thank  you  very  much  for  tlie.se  very  interesting  experimental  results  on  vaporizers;  there  are  very  few.  I  lave  you 
tried  to  calculate  some  aspects  of  fuel  droplet  motion  and  evaporation  inside  the  vaporizer  and  to  compare  tnem  with 
experimental  results? 

Author’s  Reply 

Degrees  of  vaporization  at  the  outlet  have  been  calculated  for  two  different  vaporizer  designs  and  results  agree  very  well 
with  experimental  observations.  Such  calculations,  inevitably,  have  to  take  into  account  the  heat  transfer  to  fuel  as  it  flows 
through  the  vaporizer  tubes. 


Question 

How  did  you  handle  the  beam  steeling  piobtcin,  due  to  density  gradients,  in  determining  the  mean  diameter' 

Author’s  Hcph 

The  problem  of  beam  sUcmig  was  tackled  by  recording  the  background  light  signal  lovcN  at  each  of  the  working  ail 
temperatures  without  liquid  fuel  injection,  l  .xperimcnlul  runs  featuring  fuel  injection  used  these  backgiound  light  levels  as 
the  reference  —  lienee  effectively  countering  the  beam  steeling ;  toblcin. 

C  .Sanchez  Tarda  Senor,  SP 

In  military  engines.  opeiatiotial  conditions  in  the  combustion  chamhcis  will  ofien  have  gas  pressure  liighei  than  the 
ciitieal  pressure  ot  the  fuel.  I  would  appieciatc  vout  view  on  the  possible  mil ueeee  ol  tins  elfeet  oil  the  pcifoimancc  ol 
your  vaporizing  injector. 

Author's  Reply 

Vaporizing  combustors  do  indeed  cxpcucncc  pressures  well  above  the  critical  pressure  ol  the  fuel,  but  in  service 
operation  at  such  conditions  need  not  and  lias  not  compromised  the  integrity  'peifornianev  ot  the  vapuuzet  As  at  all 
conditions  the  hiding  level  must  be  sufficient  to  ensure  mechanical  integrity  of  the  device.  With  icgaid  to  fuel  piepaiation 
the  cttccl  will  be  minimal. 

H.Pfost,  Gl- 

There  was  little  drfktencc  in  combustion  efficiency  eotnjiaring  ketosine  v\ itii  diesel.  Any  nicavuiemeiits  of  NO,  emission 
with  respect  to  the  grade  ol  lud  ’ 

Authors  Reply 

NO,  emissions  weie  measured  in  the  .series  ol  engine  tests  iclenedtoin  the  text  Noinciea.se  was  observed  in  tests  with  the 
gas  oil 
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THE  CHARACTERIZATION  OF  COMBUSTION  BT  FUEL  COMPOSITION  - 
MEASUREMENTS  IN  A  SMALL  CONVENTIONAL  COMBUSTOR 
by 

D.  KreLsclu-w  A  J.  Odgers 
P4pat  lenient  du  g£nie  m6caniqur 
University  Laval 
Qu6bcc,  QC  Canada  G1K  71’^ 

Summary 

In  a  continuing  programme  on  the  effects  of  fuel  properties  on  combustion,  seme  20  pure  hydrocarbons 
and  synthesized  fuels  were  tested  at  atmospheric  conditions  in  a  one  third  scale  version  of  an  aircraft 
type  combustor.  This  combustor  used  a  Simplex  type  pressure  Jet  atomizer,  Each  fuel  was  burned  o^er  a 
range  of  air/fuel  ratios,  and  at  each  condition,  a  full  exhaust  gas  unalyais  v-as  done,  exhaust  temperature 
distribution  was  measured,  as  also  weak  extinction.  The  results  and  their  Implications  arc  discussed. 

1.  INTRODUCTION 

These  tests  form  part  of  a  large  programme  aimed  at  examining  which  fuel  properties  are  most  cogent 
in  determining  combustion  behaviour.  The  objectives  are  detailed  In  [  l  j ,  the  only  major  change  In  the 
present  work  being  the  substitution  of  the  transparent  combustor  by  a  small  conventional,  downstream 
Injection  combustor  having  a  Simplex  pressure  Jet  atomizer.  Whereas  in  the  earlier  work  changes  in  droplet 
size  were  very  limited,  in  the  present  work  the  use  of  the  Simplex  atomizer  has  resulted  In  considerable 
variation  or  droplet  Size.  Thus,  whilst  the  previous  work  *:ould  be  thought  of  as  largely  representing 
chemical  effects,  It  was  anticipated  that  the  present  work  would  be  reflective  of  the  'physical'  effects. 

2.  COMBUSTOR  AND  TEST  RIG 

The  combustor  is  one  of  a  sot  Of  three 
geometrically  similar  combustors  originally 
purchased  for  size  scaling  experiments,  lljr 
largest  is  referred  lo  ss  the  'Full  .Scale', 
the  two  others  as  the  'Half  Scale'  and  the 
’Third  Scale'.  It  is  the  latter  combustor 
which  has  been  used  here.  A  schematic  Is 
given  in  Fig.  1 , 

The  test  rig  was  very  similar  to  that 
used  for  the  t  ransnarent  riimnnstor  [1], 
except  th3t  there  was  no  requirement  for 
atomization  air.  Combustion  air  was  supplied 
at  close  to  atmospheric  pressure  by  a  rotary 
compressor  and  metered  by  a  calibrated 
venturi  nozzle.  Fuel  was  metered  by  a 
Plerburg  volumetric  flow  meter,  and  except 
for  fuel  temperature,  all  temperatures  were 
measured  using  Chromel/A lumel  thermocouples. 

Flame  temperature  measurement  within  the 
combu9tor  were  attempted  using  a  modified 
red/greun  brightness  pyrometer.  Carbon  was 
determined  U3ing  a  filter  paper  stain 
technique  to  yield  the  jmoke  number  [2j.  The 
gas  analysis  train  and  the  gas  Sampling 
leeriui que?»  were  identical  U»  those  in  [•}» 
and  the  gases  determined  were  -  C-O^,  CO,  HC, 

0^,  NO,  &  NOx. 

The  atomizer  had  a  nominal  flow  number 

(FN1  of  0,3  3  as  defined  by 
FN  -  FlowCImp.  gal/h)/pre3sure(pslg)0'^  (l) 

The  atomizer  was  recalibrated  by  Pratt  A 
Vihltn.^y  Canada  using  a  standard  'Stoddard 
Solvent',  and  the  results  are  summarized  in 
Table  I. 


*  distance  from  sprayer  face. 


Baaed  jpori  correlations  given  In  f  3 J .  the  molar  mass  of  the  Stoddard  Solvent  was  estimated  as  being 
0,15  0,01  kg/mol,  and  the  surface  tension  was  estimated  as  26  2  dyn/cm.  A  standard  formula  used  to 


predict  the 

.SMD 

is  - 

SMD  .  6?  <FM)n' 

,2  0,2  0 
V  O 

•6  pG-?  p-°-32  <?) 

with  SMD  in 

um , 

v  in 

cSt ,  o 

in  dyn/cra,  p  la 

g/cm’  and 

p  in  psig.  Assuming  a  value  of  26 

dyn/cm,  we  have 

Pt 

37 

83 

230 

psig 

sfin 

115 

89 

69 

ym  fron  .qn.  (2)  (at  x  -  0) 

SMD 

1 12 

80 

6*1 

yn  Experiment  extrapolated  LO  x  “ 

0 

It  Is  felt  tint  the  above  comparison  of  predicted  and  measured  results  Justifies  the  use  of  Cqn.  (?)  for 
tht  prediction  of  the  SMD ' 3  for  any  of  the  various  fuels  used  in  the  tests.  For  practical  reason,  the 


equation  was  rearranged  and  modified  to  give  the  SMD  at  *  •  0,5  inches  from  the  sprayer  face, 
version  used  was  -  S'iD  -  ^  v0,?  o'-’^  mf0'^  (all  In  si  base  units). 


The  final 


A3  previously  il],  the  calibration  of  the  unit  was  performsd  using  .rP-9  fuel.  The  resuLts  were 
compared  with  predictions  made  using  the  following  equations: 


I2(i8(1/n)>  -  0,911  lg  Y  -  0,55  n  ♦  A  (3) 

with  n  -  2*  for  <t>  i  1  and  2/<»  for  <j>  >  1  ,  all  values 
being  taken  in  tne  combustion  zone.  The  derivation 
of  Eqn  (3>  and  a  discussion  of  its  application  is 
given  in  [li].  Based  upor  the  cited  value  for  A  cf 
“0,215  [9]  a  comparlsoi:  of  predicted  and  measured 
cc.nbu  >tion  efficiencies  is  possible  (Tabic  II), 
Bearing  in  mind  the  uncertainty  of  A,  the 
agreement,  both  in  Term  and  in  absolute  value,  is 
considered  to  be  satisfactory  and  to  confirm  the 
principle  of  volumetric  scaling. 

Table  II 


measured 


predicted 


0,211 

99,6  X 

99.8  X 

0,286 

47,2 

9'  .6 

o.  331 

97.6 

95, 7 

0,359 

97,2 

99,7 

The  nominal  operating  conditions  for  the  above 
testa  and  for  all  others  discussed  below  are  - 


Pressure  -  111  kPa  AJr  mass  flow  -  110  g/s 

Inlet  temperature  -  350  K  Furl  flow  -  varied. 


The  fuels  used  in  these  experiments  were 
restricted  to  those  listed  as  ’Mixed  Fuels*  In  [ij; 
their  properties  are  also  listed  In  the  saoie 
reference. 


Fig.  2  COMBUSTION  CHAHACTERIST LCS  AND 
REPRODUCIBILITY  Oh  TEST  RESULTS  -  BASE  FUEL  (HI) 
Dotted  Line  -  results  from  [1] 


3.  TESTS  WITH  BASE  FUEL 

In  order  to  establish  repcatabl  1  i  ty  and 
reproducibility,  four  tent  series  were  done  using 
the  base  fuel  (HI).  The  results  (which  are 
considered  to  be  satisfactory  foi  thi3  type  of 
combustor  )  are  given  in  Table  III  and  l  ig.  2  which 
illustrate  the  repeatability  and  reproduci hility 
respectively.  The  separately  metered  air  and  fuel 
indicated  a  maximum  difference  of  2,5  t  betwean  the 
values  measured  for  the  air/f tel  rat'o  and  those 
Indicated  by  the  mass  balance  derived  from  gas 
analysis.  This  also  was  considered  to  be  an 
acceptable  agreement. 


Table  III 


REPEATABILITY  OF  TESTS 


Scan 

C°? 

CO 

HC 

N0x 

NO 

0, 

Tb 

J 

i 

ppm 

ppm 

ppm 

% 

K 

1 

3.75 

0.206 

87,9 

- 

6.2 

19,97 

1057 

2 

3,72 

0.213 

95,3 

19.7 

- 

19,89 

1059 

3 

3,7b 

0,207 

80.6 

- 

6,9 

15,01 

1059 

9 

3,72 

0,21 1 

y7,7 

18,8 

- 

15,01 

1050 

5 

3.76 

0,1  J7 

85.5 

- 

5.9 

19,95 

1055 

6 

3,72 

0,2i  i 

87,: 

13,9 

- 

15,00 

1061 

Also  shown  In  Fig.  2  are  the  performance  curves  for  tho  same  fuel  tested  In  the  transparent  combustor 
[1]-  The  difference  in  the  form  of  ourve3  indicates  the  effect  of  air-blast  (near  constant  drop  size)  and 
combustor  geometry.  The  explanation  for  the  form  of  the  curves  from  the  transparent  combustor  has  been 
given  in  Ml-  The  form  of  curves  given  by  the  l / 3  scale  combustor  Is  typical  or  any  pressure-jet  fuel 
system  and  reflects  both  loading  and  droplet  size  effects.  At  a  first  glance  it  would  appear  that  the 
conventional  combustor  la  9omewhat  more  efficient  than  the  air-blast  system,  this  In  spite  of  the  larger 
droplets  and  the  higher  Mach  number  (0,04  as  opposed  to  0,02).  However  if  the  fuel  loadings  of  the  two 
systems  are  examined,  then  the  transparent  combustor  is  about  2,5  times  heavier  loaded  then  the 
conventional  combustor.  Thus,  one  would  estimate  that  at  the  same  fuel  loading  the  performance  of  the 


transparent  combustor  would  be  considerably  better 
performance  with  Base  Fuel  was  acceptable  and  typical 

U.  TESTS  USING  OTHER  FUELS 

Space  restrictions  do  not  permit  the 
experimental  data  to  be  quoted,  neither  In  tabular 
form  nor  as  curves  such  La  Fig.  2.  The  form  of  the 
curves  for  all  of  the  fuels  tested  was  very  similar 
to  those  cf  Fig.  2,  only  the  levels  of  the  curves 
differed.  The  operating  conditions  selected  did  not 
prove  conducive  to  ignition  testing. 

U.l  Combustion  efficiency 

All  fuels  were  burned  at,  nominally,  the  same 
air  loading,  but  the  fuel  loading  wan  varied  by 
changing  the  overall  equivalence  ratio  over  the 
approximate  range  of  0,?  i  t  3  0,4. 

In  ref.  [1)  it  was  remarked  that  there  was  a 
trend  of  the  measured  combustion  efficiencies  with 
the  average  bolLlng  points  of  the  fuels  tested  in 
the  transparent  chamber.  In  the  present  test  series 
me  might  expect  that  this  trend  would  again  be 
noted,  and  Indeed  It  Is  (Fig.  3).  Tho  points 
plotted  on  Mg.  3  were  obtained  by  reading  off  the 
values  at  the  two  equivalence  ratios  from  the  F: 
vui  » «  v«'  the  basic  Hxperiipeulai  data.  In  fact,  trie 
dependence  upon  boiling  point  is  far  more 
pronounced  than  In  the  previous  case.  Also  there  Is 
the  general  observation  that  those  fuels  which  have 
the  higher  roiling  points  also  yield  the  largest 
droplets.  If  this  13  00,  chen  it  Is  probable  that 
the  results  would  also  correlate  against  droplet 


Fig.  4  RELATIONSHIP  BETWEEN  COMBUSTION 
EFFICIENCY  AND  DROPLET  SIZE 


than  the  present  can.  It  was  concluded  that  the 
of  combustors  u3ing  pressure  Jet  atomization. 


.  3  RELATIONSHIP  DETWEEN  COMBUSTION  EFFICIENCY 


SHD 

Fig.  5  RELATIONSHIP  BETWEEN  COMBUSTION 
EFFICIENCY  AND  DROPLET  SUE 


!0-4 


diameter.  This  la  clearly  Indicated  In  Fig.  ^  which  glve9  a  plot  of  all  the  data.  How*  thla  mass  of 

points  tends  to  obscure  trends  and  30  the  data  were  evaluated  for  tho  two  equivalence  i  ..uioa  of  0,2b  and 
0,30  no  S3  to  compare  with  Fig.  3.  The  results  are  demonstrated  In  Fig.  5.  Clearly  both  Figs.  4  and  5  show 
a  marked  effect  of  SMP  upon  combustion  efficiency.  Moreover  the  closeness  of  the  two  curves  on  rig.  b 
suggests  that  the  droplet  diameter  is  more  Important  than  the  boiling  point  since  it  tends  to  eliminate 
the  effects  of  equivalence  ratio.  It  is  concluded  that  the  predominant  effects  are  due  to  droplet  size, 
the  small  separation  in  Fig.  5  Indicating  the  exlstance  of  some  secondary  effects. 

In  Ref.  [; ]  a  relationship  was  established 
between  the  ratio  of  CO  to  unearned  hydrocarbons  at 
the  exhaust  and  tho  combustion  efficiency, 
significantly  Improved  by  introducing  a  function  of 
the  equivalence  ratio  within  the  primary  zone.  A 
tentative  explanation  of  this  latter  term  was  that, 
in  reality,  the  dependence  was  one  of  temperature, 
and  In  turn,  this  suggested  that  the  flame  zone 
behaved  as  though  It  were  at  least  partially 
premixed.  Figure  6  plots  the  results  from  the 
present  tests.  The  correlation  ha3  about  the  same 
scatter  aa  that  of  the  previous  work  but  without 
the  need  to  employ  the  equivalence  ratio  function 
as  additional  parameter.  A  tentative  explanation  is 
that  in  the  conventional  con»bu3tor  the  Simplex 
atomizer  gives  rise  to  droplet  diffusion  flames 
which  then  show  relatively  little  sensitivity  to 
the  zone  mean  equivalence  ratio.  What  remains  in 
doubt  is  whether  the  behaviour  In  the  transparent 
combustor  was  due  to  the  very  small  droplets  which 
benaved  as  a  pseudo-gas  or  whether  the  behaviour 
was  brought  about  by  the  Intimate  mixing  of  the  air 
and  droplets  Occasioned  by  the  use  of  air-blast.,  or 
to  some  combination  of  the  two. 

In  Ref.  [Jij  a  correlation  was  derived  for  the 
over  a  range  of  conditions.  This  took  the  form  - 

lg<UO/n))  -  K,  .  lgUr/Vp")  «  K„  «  n  •  K,  (H) 

Although  most  of  the  combustors  were  conventional,  one  of  them  wau  a  vaporizer  chamber  and  another  wa3  a 

high  velocity  combustor.  No  specific  term  was  Included  to  represent  possible  droplet  effects.  It  was 
decided  to  attempt  an  improvement  of  tho  correlation  (Eqn.  *0  by  including  a  term  u.  represent  the  effect 
of  droplet  size.  Since  the  combustor  operated  with  a  constant  volume  and  at  constant  pressure,  the  new 
correlation  became  - 

lg()g<1/n>>  -  2.V20  lg  ar  K  •  !.U2 2  n  *  30.J8.103.  SM'J  .  J,«6  (5) 

All  uni ts  are  SI  base  unit3.  Tho  fuel  mass  flow  in  kg/s  is  corrected  to  300  K  using  - 

Ig  (n,ri300/nV)  ■  3-05"  y“'’205  -1,2327  y‘1,?05  .  ]gt3 

n  -  2$  for  1  S'  or  2/$  for  ft  >  1,  y  ■  ft  for  0  S  1  and  y  -  1  for  ft  >  1  ,  ft  being  taken  as  the  mean  for  the 
recirculation  zone.  Fi.l7,.,re  7  rnnrnarna  mip  p,ees,jr'ed  vsluos  of  inefficiency  {*  —  csinul2i^'l 

using  Eqn  (5).  The  standard  deviation  of  the  Inefficiency  was  0,268  which  is  considered  to  be  reasonably 

satisfactory  for  most  purposes. 

U. 2  Pollutants 

Carbon  nionoxld*.  and  hydroaarbono 

The  success  In  correlating  the  combustion  efficiency  gave  some  hope  for  the  correlation  of  the 
amounts  of  carbon  monoxide  and  hydrocarbons  within  the  exhaust.  In  fact,  the  form  of  equation  obtained  to 
correlate  the  carbon  monoxide  emissions  index  very  closely  resembled  that  of  Eqn.  (6), 


Fig.  6  RATIO  OF  HYDROCARBON  TO  CO 
EMISSION  INDICES 

combustion  efficiency  of  several  combustors  operated 


CO  " 


f ,300K 


lg  El 


2,316  lg  m 


*  n  +  12,6*10 


SMD  ♦  6.U9 


(6) 


i 


3  0-5 


In  Eqn.  (£)  all  values  are  In  SI  base  units.  The 
comparison  of  the  calculated  and  measured  emission 
indices  is  given  in  Fig.  8,  Apart  from  v  points 
(part  of  one  single  test  series  -  indicated  by 
triangles)  the  data  aopear  to  yield  a  satisfactory 
correlation.  The  standard  deviation  (including  the 
•out*  points)  is  0,180. 

As  ought  be  expected  the  hydrocarbons  in  the 
exhaust  showed  little  evidence  of  any  relation  to 
ths  type  of  correlation  based  upon  a  reaction  rate 
equation,  such  as  those  of  Eqns.  5  i  6.  The  major 
factors  affecting  the  presence  of  hydrocarbons 
showed  be  those  parameters  which  defined 
evaporation  rates.  In  addition  to  the  droplet  site 
and  the  average  boiling  point  of  the  fuel,  it  was 
found  necessary  to  include  the  transfer  number  and 
the  hot  gas  temperature.  Thus  the  correlation  took 
the  form  - 


COMBUSTION  EFFICIENCY  CORRELATION 


ASMP)»  »  p  \  2 

yin (8  *  1)  J 


and  a  fair  agreement  (Fig.  9)  was  obtained  from  El  -  i  (a  loss  of  0,1  %  due  to  HC)  to  El  -  500  (a  loss  of 
50  %  due  to  hydrocarbons).  All  values  in  Eqn.  (7)  in  Si  Base  Unit9. 
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measured  g/kgr 


10  100 
El  measured  B/kCfl 


Fig.  8  EXHAUST  CARBON  MONOXIDE 


Fig.  9  EXHAUST  HYDROCARBONS 
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Figure  10  plots  the  measured 
combustion  efficiency  loss  (total) 
against  tne  Individual  losses. 
Obviously  there  is  a  strong 
rala';  ionship,  and  It  takes  the 
usually  observed  fern  and 
magnitude  [5],  If  the  overall 
combustion  efficiency  Is  known, 
the  hydrocarbon  content  may  be 
•expressed  as  - 


lg  !fIhc/1000)  -  1  -  1,12*17  (1  -  n>~ 


a  Hydrocarbons 
o  Carbon  M nnn  w 1 d  e 


*  I  X 


Component  Loss 

Pig.  10  POLLUTANT 'EFFICIENCY  RELATIONSHIP 


a T1 


Ai-,  ,  i.: 


_ 
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oxides  of  Nitrogen 


In  all  cases  the  observed  oxides  of  nitrogen  were  very  low  (even  lower  than  for  the  transparent 
combustor  [l]).  Because  of  this,  the  accuracy  of  measurement-  Is  not  thought  to  be  very  good  (t  0,5  El).  If 
one  assumed  that  both  systems  are  diffusion  flames,  then  according  to  the  correlation  given  In  [1]  - 


Of66 


(l-e 


(9) 


where  T  is  the  adiabatic  dissociated  flame 
temperature.  For  the  transparent  combustor,  a 
definite  trend  of  the  effective  residence  time  was 
found  with  equivalence  ratio:  the  weaker  the 
mixture,  the  longer  the  time.  If  the  present  3ystem 
functions  as  a  pure  droplet  flame  one  would 
anticipate  that  it  would  not  be  30  sensitive  to 
equivalence  ratio  as  the  transparent  combustor.  In 
fact,  one  finds  this  to  a  fair  degree.  However, 
the  important  scatter  of  the  experimental  values 
tend3  to  hide  any  real  trends.  Because  of  this.  It 
was  decided  to  mean  the  values  for  each  fuel 
regardless  of  equivalence  ratio  (see  Table  IV). 

In  an  attempt  to  use  Eqn.  (9),  an  effective 
residence  time  was  calculated  for  fuel  4i  using  the 
appropriate  values  for  the  stoichiometric  name 
temperature  and  the  inlet  pressure.  The  result 
indicated  that  all  fuels  should  be  between  1,46 
(fuel  i*i )  and  1,63  (fuel  43)  g/kg  of  fuel.  Since 
this  difference  is  smaller  than  the  actual  scatter 
fer  any  given  fuel,  this  attempt  remained 
inconclusive.  A  much  simpler  method  of  prediction 
which  takes  no  account  of  residence  times  Is  given 
by  an  empirical  curve  in  [6].  This  curve  which 
plots  the  HQx  emission  Index  against  the  maximum 
flame  temperature  is  a  summary  or  many  practical 
gas  turbines,  with  and  without  water/steam 
Injection,  as  well  as  several  laboratory  systems, 
premixed  or  with  droplet  combustion.  Taking  into 
account  aJ i  luels  and  their  respective  flame 
temperatures,  this  curve  indicated  a  minimum  value 
for  the  El  of  1,5  ±  0,6  and  a  maximum  of  2,4  ±  1 
g/kg.  All  the  results  fall  within  this  range  of 
scatter  and  almost  aLl  the  measured  values,  too.  No 
dlscernable  relationship  could  be  seen  In  the 
ratios  of  NO  to  NOx. 


Table  IV 

VALUES  OF  NO  AND  NOx 


Fuel 

eino 

eino/eino* 

EIN0x 

mean 

mean 

minimum 

mean 

maximum 

41 

0,84 

0,58 

1 .1 

1 ,46 

2.4 

42 

1.23 

0,84 

0.9 

1,47 

3.1 

43 

1.39 

0,68 

1 .1 

2,04 

3.0 

44 

1  ,01 

0,56 

1 . 1 

1,79 

2,0 

45 

1  ,07 

0,55 

1  ,0 

1,94 

3,? 

46 

0,82 

0,51 

1  .1 

1,60 

2,° 

47 

1,26 

0,60 

1.3 

2,10 

2.5 

48 

0,86 

0,53 

i  ,3 

1,62 

2,3 

49 

1,01 

0,62 

1,2 

1,62 

3,4 

50 

1,74 

0,78 

1  ,7 

2,23 

3,2 

53 

0,68 

0,38 

1,4 

1,78 

2,2 

54 

0,83 

0,33 

1 .5 

1.93 

2,3 

55 

0,52 

0.37 

1,2 

1,41 

1 ,8 

56 

0,50 

0.25 

1 .7 

2,03 

2,3 

57 

0,50 

0,24 

1 ,7 

2,08 

2,4 

50 

0,65 

0,46 

1  ,0 

1  ,42 

2,2 

59 

0,58 

0,41 

1 . 1 

1,43 

1,7 

60 

0,83 

0,46 

1.3 

1 ,80 

2,3 

6i 

0,48 

0,26 

1 .5 

1,85 

2.2 

62 

0.61 

0,45 

1,1 

1,37 

1  ,8 

63 

0,55 

0,38 

1 ,1 

1,45 

1.8 

01 

0.65 

0,36 

1,3 

1,80 

2,2 

N8. 

all  value 

of  El  as  g 

of  NO^ 

per  kg 

fuel . 

Exhaust  Carbon 


The  results  of  the  carbon  measurements  were  considered  to  be  so  Interesting  as  to  warrant  a  separate 
publication  [2J.  Consequently,  only  a  summary  will  be  given  here.  During  the  present  test  series,  iue  to 
the  smail  quantities  of  soot  which  were  formed  at  the  operating  conditions,  the  necessary  time,  which 
wouio  nave  been  needed  to  obtain  a  measurable  SdiT.pl e,  rendered  it  economically  Impossible  to  determine  the 
smoke  using  a  gravimetric  technique.  Hence,  a  filter  paper  stain  technique  was  decided  upu;:.  A  ft.  at. tan 
GF/A  filter  paper  was  clamped  in  a  double  conical  holder,  and  a  known  maso  of  exhaust  gas  (21  g  calculated 
as  air)  was  metered  through  the  paper.  The  resultant  stain  was  then  measured  in  terms  of  reflectivity 
using  a  Pacific  Scientific  RO4600  ref lectoraeter .  The  results  were  then  expressed  In  terras  of  Smoke  Number 
(SN  in  %  reflectivity  change). 


In  earlier  work  [7]  the  influence  of  temperature  had  been  described  in  terms  or  combustor  inlet 
temperature.  This  had  appeared  to  give  a  satisfactory  correlation  since  (for  the  data  available),  for  any 
given  engine,  any  one  operating  condition  was  confined  to  a  single  alr/fuc]  ratio,  and  hence  changes  due 
to  alr/fuel  ratic  were  not  evident.  Because  of  the  bahaviour  with  changes  in  alr/fuel  ratio  noted  in  the 
present  work  it  was  felt  that  the  coobustor  exit  temperature  would  be  rao’e  representatl ve  of  the  burn-out 
region  than  the  inlet  temperature,  and  additionally,  the  exit  temperature  would  reflect  changes  in  inlet 
temperature  and  flame  temperature  changes  du9  to  changes  in  fuels.  A  careful  analysis  of  the  oxpori mental 
data  showed  that  the  exponent  for  the  exit  temperature  was  the  same  as  that  usod  before  for  the  inlet 
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temper aLure.  The  new  correlation  group  now  became  ■ 
EIC  -  f  l|p3/(0/C)'J’7  (H/cf5,115  T~8,66)  (10) 
or  writing  {10)  In  terras  of  operating  conditions  - 


SN  -  f,  [*,] 


Where  T„  -  Tj  *  n[lj  -  T^)  and  T*  -  T,  at  n  -  100  %. 

In  (<?]  the  new  correlation  has  been  applied  to 
the  data  of  the  present  work  as  well  as  to  published 
data  from  8  other  combustors.  The  data  pertinent  to 
the  present  work  are  plotted  in  Fig.  11. 


Attempts  to  modify  the  correlation  group  so  as  to  include  any  effects  of  fuel  molecular  structure 
have  so  far  not  mot  with  any  great  success,  al thought  there  is  some  evidence  that  there  arc  trends  with 
the  hydrogen  saturation  factor  SH#  and  that  additionally,  there  may  be  3mall  effects  due  to  aromaticity. 
Apart  from  the  above  terms,  the  only  other  determined  property  which  was  round  to  show  even  a  trend  with 
the  measured  smoke  number  was,  as  might  be  expected,  the  value  of  the  Smoke  Point  of  the  fuels.  The  trend 
was  not  satisfactory  for  correlation  purposes. 


4.3  Flame  temperature  measurements 

It  was  attempted  to  measure  flame  temperatures  and  emlS3ivltics  in  the  primary  zone  using  a  red-greer 
brightness  temperature  technique.  A  red  brightness  pyrometer  (wavelength  645  nm)  was  modified  In  the 
National  Defence  Laboratories  (Ottawa)  so  as  to  Include  a  green  filter  (547  nm),  and  a  suitable 
calibration  was  performed. 

Two-colour  pyrometry  has  been  successfully  appiied  to  gas  turbine  combustors  over  a  range  of  from  0,2 
to  7,5  MPa  T8  &  9],  and  red  brightness  temperatures  had  been  noesured  successfully  in  an  Identical 
combustor  to  that  used  here  over  a  pressure  range  of  from  0,1  to  3.3  MPa  [10].  Under  these  circumstances 
the  selection  of  this  instrument  seemed  entirely  reasonable. 

Visually  the  flames  ranged  from  blue  to  yellow,  the  former  flames  characteristic  for  the  paraffinic 
fuels,  the  latter  Tor  those  with  aromatic  additions.  However,  most  of  the  flames  were  insufficiently 
opaque  to  produce  satisfactory  results,  the  green  temperatures  being  by  far  too  high  due  to  the 
interference  of  the  blue  radiation  caused  by  water  vapour  and  carbon  dioxide.  As  a  rssult  of  this, 
analysis  has  been  postponed  until  further  results,  using  more  aromatic  fuels,  are  obtained. 


4.4  Wall  temperature  measurements 

For  the  determination  of  the  flame  tube  wall  temperatures  nine  thermocouples  were  attachod  in  three 
rows  of  three  (see  Fig-  1).  Due  to  the  very  high  temperature  gradients  encountered  (up  to  150  K/cm)  the 
accuracy  of  placement  is  somewhat  limited.  In  spite  of  this,  the  results  are  fairly  promising.  The  mean 
values  at  any  given  axial  location  agreed  quite  well  with  predictions  using  the  technique  described  In 
[11],  however,  no  full  analysis  will  be  done  until  more  data  have  oeen  obtained. 

4.5  Weak  extinctions 

Weak  extinctions  were  determined  at  the  end  of  each  test  by  gradually  reducing  the  fuel  flow  until 
the  flame  commenced  to  be  unsteady.  At  this  point  the  ignition  was  switched  on  and  the  fuel  further 
reduced.  After  a  little  while  the  Igniter  was  switched  off.  If  the  name  remained  lit.  the  plug  was  again 
fired  and  the  fuel  further  reduced  until  extinction  occurred  when  the  spark  was  arrested.  At  thi3  point 
the  plug  was  re-fired  and  the  fuel  increased  a  little.  By  this  means  It  was  possible  to  determine  the 
minimum  self  sustaining  fuel  flow  below  which  the  flame  always  extinguished.  This  defined  the  weak 
extinction. 
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Table  V  lists  the  appropriate  data.  The  parameter  ffi  described  in  [1 
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did  not  correlate  the  data  In  as  satisfactory  a 
manner  as  might  have  been  anticipated.  However, 
it  obviously  had  an  Interplay  since  a  very  good 
correlation  of  the  data  was  obtained  by 
plotting  (*w  ./*u  1(1  )/fa  against 

(p.'p,, >0,8«  (<Jn-if'Qn>J11  >  as  la  Fig.  12.  Why 

the  weak  extinction  should  bo  a  function  of 
what  approaches  to  the  heating  value  per  unit 
volume  of  liquid  is  not  clear.  It  could  be  that 
the  density  Is  only  representative  of  some 
other  property  of  the  fuel  (e.g.  volatility, 
viscosity,  surface  tension,  or  any  combination 
thereof),  and  further  analysis  will  be 
attempted  In  the  future  when  other  data  become 
available. 

4.6  Exhaust  temperature  distribution 

As  with  the  transparent  comtustor  [l],  the 
exhaust  temperature  distributions,  based  upon 
the  dimensionless  temperature  rise,  are  very 
similar  for  all  fuels  and  at  all  operating 
conditions.  The  results  again  indicate  that  the 
exhaust  pattern  ia  governed  by  the  alr/fuel 
patternatlon  as  defined  by  the  Injector  and  the 
combustor  air  distribution.  The  preservation  of 
the  patternatlon  shows  a  stable  alr/fuel 
distribution,  and  experience  with  other 
combustors  suggests  that  this  same  patternatlon 
would  persist  if  the  chamber  was  operated  at 
higher  pressures.  Indeed,  since  at  high 
pressure  conditions  all  the  fuels  would  operate 
at  close  to  100  t  efficiency,  it  Is  likely  that 
the  exhaust  temperature  distributions  would 
even  be  more  similar. 

5.  GENERAL  COMMENTS 

Clearly  a  significant  amount  Of  combustion 
data  has  been  logged  In  the  course  of  the 
present  work,  and  not  all  of  the  data  have  been 
fully  analysed  yet.  The  major  reason  for  this 
Is  that  some  of  the  trends  noted  require 
confirmation  by  the  use  of  fuels  which  will 
extend  property  variations.  A  similar 
requirement  was  found  for  the  transparent 
combustor. 


TABLE  V 
LIMITS 


Fuel 

\.t 

Vf'VlM 

f3 

W,f _ Wj 

f8 

41 

0, 101 

1  ,0 

»  .0 

1  ,0 

42 

0.199 

1 ,970 

5.222 

0.377 

43 

0,117 

1,150 

1  .857 

0,624 

4  a 

0,120 

1  ,188 

1  ,952 

0,609 

45 

0,093 

0,921 

1  ,079 

0,854 

46 

0.093 

0,921 

1,190 

0.774 

47 

0,093 

0,921 

1 .366 

0,675 

48 

0,101 

1,000 

1 ,032 

0.967 

49 

0,104 

1.030 

1 ,302 

0,791 

50 

0,110 

1  ,089 

1 .667 

0,653 

53 

0,109 

1 ,079 

1  ,698 

0,635 

54 

0,105 

1 ,040 

1 ,571 

0,662 

55 

0,096 

0,950 

1,111 

0,855 

56 

O.G94 

0,931 

1,175 

0,792 

57 

0,104 

1,030 

1 ,206 

0,854 

58 

0,102 

1  ,010 

1 ,238 

O.816 

59 

0,102 

1  ,010 

1,365 

0,740 

60 

0,101 

1  ,000 

1,365 

0,733 

61 

0,097 

0,960 

1,111 

0,864 

62 

0,100 

0,990 

1,302 

0,7-0 

63 

0,117 

1,010 

1,460 

0,692 

Fig.  !*>  WEAK  EXTINCTION  LIMITS 


Both  programmes  have  shown  i..e  inadequacy 
of  Mach  number  scaling  and  have  proven  the 
reaction  volume  scaling  for  small  combustors. 

This  could  be  of  considerable  interest  to  the 
manufacturers  of  small  engines.  Both  units  also 
demonstrate  the  adequacy  of  the  N0x  prediction  techniques  used.  With  regard  to  combustion  efficiency  and 
pollutants  the  units  differ  in  that  the  Simplex  injection  system  shows  much  more  dependence  upon  droplet 
characteristics  than  the  air-blast  system  used  previously.  Weak  extinction  correlations  differ  for  the  two 
units  and,  although  not  proven,  one  Is  tempted  to  attribute  thl9  to  tha  two  different  Injection  systems. 


At  atmospheric  pressure  the  carbon  found  within  the  exhaust  has  been  too  small  to  be  measured 
gravlmetrically.  The  use  of  a  filter  paper  stain  technique  showed  visible  differences  between  the  fuels 
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and  enabled  the  carbon  to  be  assessed  quantitatively.  The  exhaust  temperature  distribution  shows  little 
difference  from  ono  fuel  to  another,  and  It  would  appear  that  any  possible  fuel  effects  may  be  neglected. 
Because  of  flame  transparency  It  hag  mt  proved  possible  to  determine  primary  ione  flame  temperatures.  No 
success  was  had  In  establishing  a  correlation  for  Ignition, 

6.  NOMENCLATURE 


A/P 

El 

ffi 

H/C 

X 

n 


H 

SMD 

Tav 

T* 


n 

f 

v 


P 


air/fuel  mass  ratio 
emission  Index  -  g/kg  fuel 
stoichiometric  fuel/air  mass  ratio 
atomic  hydrogen/ carbon  ratio 
a  constant 

-  2*  for  ♦  S  1,  ■  2/«  for  ♦  >  1 
pressure  -  Pa  [atm] 
atomizer  pressure  [pslg] 

hydrogen  saturation  factor  ■  h./h 
J  f  corresponding 

Sautcr  moan  diameter  *  m  [um] 

volume  average  telling  point  -  K 
adiabatic  flame  t.omperature  “  K 
combustion  volume  -  m*  [ft*] 
distance  from  atomize*'  face  -  [Inch] 
comeustion  efficiency 

equivalence  ratio  A/F^...  _  /  A/F,  .  _ 

M  stolen,  actual 

kinematic  viscosity  -  nva  [cSt] 

density  -  kg/m*  [g/cro1] 


B  transfer  number 

FN  flow  number  -  (I ,C./h)/p3ig^'^ 

fg  weak  extinction  correlation  group 

h  hydrogen  mass  fraction  in  fuel 

m  mass  flow  -  kg/s  [lb/s] 

O/C  atomic  oxygen/carbon  ratio 

p^  inlet  pressure  -  Pa 

qri  net  calorific  value  -  MJ/kg 

paraffin 

SN  smoke  number  -  J 

Inlet  temperature  -  K 

Tjj  outlet  temperature  -  K 

X  a  smoke  correlation  group 

y  •  ♦  for  ♦  S  1,  ■  i  for  ♦  >  l 

¥  fuel  loading  -  m^/Vp11  -  [lb/fs-ft1  •atmn)] 

0  <J>  at  weak  extinction 

w 

o  surface  tension  -  N/m  [dy>  'em] 

t  time  -  3 


Suffixes:  a  air,  f  fuel. 
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Tile  residence  time  effect  is  discussed  in  Ref.  of  the  paper  No. 4  ] .  1  iom  mcmoiy  I  think  the  times  investigated  were 
about  I  to  6  ms.  Much  of  the  experimental  data  were  taken  from  NASA  reports  of  experiments  in  pre-mixed,  pie 
vaporized  reaetois;  and  other  stirred  teaetor  work  plus  some  bom  Teal*  combustors.  Theorcticall)  the  exponential 
function  may  also  be  just  died  from  the  approach  to  equilibrium. 
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I  do  not  think  so.  because  two  or  three  of  the  fuels  used  here  were  pure  compound*  having  only  a  single  boiling  point  (i.e. 
no  range).  In  recent  work  many  more  pure  substances  have  been  introduced  with  no  effect.  We  believe  it  is  due  to  (a)  very 
large  droplets  combined  with  (b)  a  low  volatility  and  (c)  the  degree  of  unsaturatum.  Wc  have  recently  investigated  a 
correlation  involving  these  three  terms  and  initial  results  suggest  a  significant  reduction  in  the  scatter  oi  icsuU.v  1  lowevei, 
the  new  correlation  has  not  yet  been  'finalized’. 
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ON  HR  A 
Fort  tie  PalaUcau 
91 1  20  Palaiscau 
Fiat  lex 


R£sum£ 


La  combustion  dans  un  foyer  de  rechauffe  est  stabiliste  en  aval 
d'accrocbe-tlarcmcs  et  le  processus  de  stabilisation  depend  des  param^tres 
suivants  :  nombre  de  Mach,  temperature,  pression  et  richetse  de  1 ' fecoulement , 
gdoadtne  de  1  'accroche-fl  amines .  Les  Etudes  cxpArimentalea  effectu^es 
permettent  d'accAder  A  un  paramdtre  de  correlation  englobant  l’effet  du  nombre 
de  Hach  et  de  la  temperature. 

Quant  A  l'effet  de  la  yAometne  :  daps  le  cas  d ' accroche- f lammes 
linAaires  en  Acoulement  bidimensionnel  le  profil  de  1 'arcroche-f lamme  est  le 
paraoAtre  gdom^trique  determinant- 

Une  6tude  expdrimentale  d$tailJ£e  de  la  zone  de  combustion  dans  le 
sillage  d ' accroche-f lammeB  annulaires  dans  un  dcouleoent  axisym£trique  a  mis  en 
Evidence  l'effet  d'un  autre  para»£tre  gAorndtrique  en  plus  du  profil.  le 
diamAtre  moyer  de  la  goutti^re  annulaire  constituant  1 ' accroche-f laomes-  Les 
rdsultats  sxpdriaentaux  obtenus  au  cours  de  cette  £tude  perraettent  de  pr^ciser 
les  mdcaaismes  de  stabilisation  de  la  flamme  par  des  obstacles  annulaiies. 


FLAME  STABILIZATION  IN  A  REHEAT  COMBUSTOR 


abstract 


In  a  rebeat  burner,  combustion  is  stabilized  with  f landholders .  The 
stabilization  depends  on  the  following  parameters  :  Mach  number,  temperature, 
pressure  and  equivalence  ratio  of  the  flow,  flameholder  geometry. 

Many  experimental  measurements  nave  allowed  '-he  calculation  of  a 
correlating  parameter  including  the  Mach  number  and  the  temperature. 

For  the  geometry,  studies  on  linear  stabilizers  in  2-dimens-\onnal 
flows  have  shown  that  the  height  of  the  stabilizer  i*  a  convenient  parameter. 

An  accurate  experimental  study  of  the  recirculation  zone  downntriam 
annular  flameholders  in  an  axisytetric  flow  have  pointed  out  the  effect  of  an 
another  geometrical  parameter,  the  diameter  of  the  flameholder.  The  experi¬ 
mental  results  have  improved  our  Knowledge  of  the  flame  stabilization  mechanism 
downstream  annular  flameholders. 
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NOMENCLATURE 

H  hauteur  de  1 'accroche-f lamre 

H*  H/hauteur  de  l'anneau  unique  (40  mm) 

m  ddbit  aiassique  d'air 

M  nomhre  de  Mach  en  ainont  de  la  rechauffe 

T  temperature  en  amont  de  la  rechauffe 

V  Vitesse  en  ament  de  la  rechauffe 

X  coordonnde  axiale  :  distance  4  1 ' accroche-f iaome 

v1  richeaae  du  mdlangc  air-kdtosdne 
i/  rendeaent  de  combustion 


1.  INTRODUCTION 

Les  dispositifs  de  postconbust ion  mis  en  place  sur  des  avions  visent  A  une  augmentation  trds 
forte  de  la  poussde  pendant  un  temps  relat ivement  court. 

Cet  accroissement  de  poussde  est  obtenu  par  combustion  de  kdro3dne  en  aval  de  la  turbine.  La 
combustion  conduit  er.  effet  4  unc  augmentation  de  la  tempdrature  des  gaz  djectis  et  done  de  leur  vitesse 
d'dchappement  et  de  la  poussde  qui  s’en  ddduit. 

Les  caractdristiques  de  f onctionnement  de  la  rechauffe  sont  telles  que  l'on  sore  du  domaine 
cl  s^ique  de  definition  des  chaabres  de  combustion  :  la  pression  est  relativemcnt  faible.  de  l'ordie  de  2 
ou  3  bar*,  1’  vitesse  et  la  temperature  en  amont  de  la  rechauffe  sont  dlevdes  (V  =  140  m/s  ;  T  *  80o°C) . 
D'tutre  part,  le  dispcsitif  de  rechauffe  doit  mduire  le  minimum  de  pertes  de  charge,  car  rechauffe 
tteinte.  il  est  totaleaent  inutile. 

Ces  considerations  ont  conduit  A  utiliser  If  principe  de  stabilisation  des  flammes  au  moyen 
d'obstacles  pour  le  foyer  de  rechauffe.  En  effet.  un  obstacle  dans  un  dcoulement  produit  un  sillage 
turbulent  comportanl  lnnddi itement  en  aval  une  zone  de  recirculation  ndeessaire  A  la  stabilisation  de  la 
combustion  (fig.  1.  [l]i.  Les  gaz  frais  torment  une  couche  limite  au  contact  du  stabilisateur  jjsqu'au 
point  de  ddcollement  oti  cette  couche  rencontre  une  couche  analogue  forage  de  gaz  brulds  induite  par  la 
recirculation-  En  ce  point  il  y  a  contact  entie  les  gaz  frais  et  les  gaz  brGlds  :  4  travel s  la  surface  de 
separation  ont  lieu  des  transferts  de  chaleur  qui  provoquent  1 ' i nf 1 anmat ion  des  gaz  frais.  Les  gaz 
nouvellement  enflamnds  restituent  ensuite  de  la  chaleur  aux  gaz  brtilds  de  la  zone  de  recirculation, 
compensant  ainsi  la  perte  de  chaleur  prdeddente.  L'extinction  a  lieu  lorsque  la  quantity  de  chaleur  eddde 
4  la  zone  de  recirculatiou  devient  mfdrieure  4  la  quantity  de  chaleur  ndeessaire  au  aaintien  de  cette 
zone  4  une  temperature  suffisante.  L'extinction  depend  done  uniqueoent  des  phdnomdnes  ayant  lieu  juste  en 
aval  de  1 'accroche-f lamme .  La  zone  plus  en  aval  qui  assure  la  propagation  de  la  combustion  n'a  aucun 
effet  sur  la  stabiiitd. 


Fig  1  -  Stabilisation  at  propagation  de  /a  f/amme. 


La  definition  d’un  systdme  de  rechautfe  comprend  la  definition  gdomdtrique  de  1 'obstacle  appeld 
accroche-f lammes,  du  canal  dans  lequel  sera  place  cet  obstacle  et  des  injecteurs  de  kerosene  carburant 
I'air  vicie  issus  de  la  turbine  et  l'air  pur  venant  du  fan,  Cette  definition  doit  dtre  faite  de  fagon  4 
optinirer  les  performances  de  la  rechauffe  c'est-A-dire  de  fagon  4  avoir  : 

.  une  valour  du  rendement  de  combustion  aussi  proche  de  1  que  possible  pour  une  longueur  de  canal 
toujours  limitde  par  les  applications  ; 

.  une  perte  de  charge  relativement  faible  afin  de  ne  pas  augoenter  d'une  fagon  sensible  la  consommation 
apdcifique  du  moteut  lorsque  la  rechauffe  n'e3t  pas  en  service  ; 

.  un  large  domaine  de  f onctionnement  afin  d' assurer  la  stability  de  la  combustion  pour  les  diffdrentes 
conditions  rencontrdes  au  cours  du  vol. 

Les  recherches  sur  la  rechauffe  effectudes  4  l'ONERA  ont  pour  objectif  d«  fournir  aux 
constructeur*  des  Aliments  utilisables  au  stade  avant-projet  et  en  particulier  1 'effet  des  paramdtres 
adrothermochimiques  et  gdomdtriques  aur  les  performances  de  la  combustion.  C’est  une  partio  des  travaux 
en  cours  4  l’ONERA  sur  ce  sujot  et  plus  particulidreoent  celle  ayant  trait  aux  limits*  d’extiactioa 
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pauvres,  c ’eat-A-dire  A  la  stability  de  la  rechauffe,  qui  eat  pr*sent*e  ici. 

Lee  paramMres  qui  influcncent  1 ’extinction  sont  la  vitesse,  la  tempArature  et  la  richesse  de 
1 ' Gcoclement  en  aaont  de  la  rechauffe  ainsi  que  la  g*oa*tne  de  1 ’ acoroche-f lamme .  Afin  de  s’affranchir 
dca  paramAtrea  relatifa  4  la  carburation,  c«lle-ci  est  effectu*e  au  moyen  <1  ’ jn  grand  nomhre  de  point# 
d' injection  sjtu^s  loir  en  amont  de  1 ’accroche- f lamme  afin  d' avoir  dans  le  plan  des  obstacles  une 
repartition  aussi  hojnog*ne  que  possible  du  combustible. 

Apr*?  une  description  globale  du  montage  exp*rimental  lea  r*sultats  obtenus  avec  des  accioche- 
flammes  de  forme  annulaire  ainti  qu'une  tentative  de  correlation  seront  prAaent*#.  Une  Atude  d*taill*e  de 
la  combustion  dans  la  zone  da  recirculation  a  toutefois  At*  ndeessairo  pour  expliquor  des  anomalies 
apparentea. 


2.  DESCRIPTIOM  D'J  MONTAGE  EXPERIMENTAL 

Lea  figures  2  et  3  repr£sentent  reajoctivement  un  turborAactcur  Aquip*  d'un  dispositif  de 
rechauffe  intAgrAe  au  raccordeoent  du  moteur  et  le  montage  experimental  sur  leque1  sont  relevees  lea 
conditions  d'extinction  de  la  rechauffe.  Le  banc  d'essai  reproduii  lea  mdses  niveaux  de  temperature  et  de 
vitesses  que  ceux  du  moteur. 

Cornpresseur  B  P  Accroche  flamme 


Thermocouple  Grille  somque 


m  <  10  kg/s 

Fig.  3  -  Sch6nte  du  montage  experiments!. 


L’ air  comprin*  est  fourni  par  trois  compresseurs  :  le  dAbit  maximal  eat  de  10  kg/s  sous  une 
pression  dont  la  valeur  peut  Atrc  aodulAe  jusqu’A  12  bar9. 

Cet  air  esr  chauff*  dans  un  Achangeur  de  chaleur  jusqu'A  300°C.  11  pAnAtre  ensuite  dans  une 
chambre  de  combustion  correspondent  au  foyer  principal  du  turbor Aacteur . 

La  temperature  de  l'Acoulenent  4  la  sortie  de  chambre  peut  A*re  ajuatie  a  une  valeur  quelconque 
comprise  entre  500°c  et  800°C.  Lea  variations  sont  obtenuea  en  agissant  aur  1*  <JAbit  de  combustible. 

Une  grille  sonique  situAe  en  aval  homogAnAise  les  vitesaes  dsns  la  conduite. 

Un  corps  central  aimule  le  cAne  de  fuite  du  dernier  Atage  de  turbine. 

L’injection  de  carburant  pour  le  rechauffe  eat  faitc  au  moyen  de  24  tubes  radiaux  percAs  de 
5  orifices  de  0.6  mm.  Ces  orifices  sont  orient*#  4  contre-courant  ;  les  jets  de  kArosAne  sont  brisAa  sur 
un  bouclier  afin  d' assurer  un  bon  mAlange  air-kArosAne . 

L'accroche-f lamme  est  situ*  345  ms  cn  aval  de  1' injection  dana  le  plan  de  l'extr*ait*  aval  du 
corps  central. 

Le  dismAtre  du  canal  de  rechauffe  est  *gal  4  300  mm.  La  longueur  utilisAe  lors  des  Atudes 
d'extinction  est  senaiblement  *gale  4  1  diamAtre.  Un  canal  relativement  Court  permet  d'obsarver  la 
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Fig  7  —  Richvssd  d  extinction  en  f one t ion  du  n ombre  de  Mach 
et  de  la  temperature  de  J’ticou/enwnt  pour  le  petit  anneau. 


Fig.  8  -  Richesse  d'exiinction  en  function  du  nombre  dc  Mach 
et  de  !e  temperature  de  l'6cou/cment  pour  le  grand  anneau. 


Les  different*  points  d'extinction  sont  repr4sent£s  par  la  richesse  de  la  rechauffe  F>  en 
ionction  du  nombie  de  Mach  M.  Les  points  correspondant  4  une  oeme  valeur  de  la  temperature  l'dcou- 
lement  aaont  uont  represent £s  au  moyen  d'un  meme  symbole. 

Dans  le  cas  du  syst^me  d'accroche-f lanne  constitu£  par  deux  anneaux  coplanaires  de  m£me 
hauteur,  l'extinctioo  en  aval  de  ces  deux  anneaux  n'est  pas  sunyltanec  :  pour  un  couple  de  valeurs 
determines,  nombre  de  Mach,  temperature,  lorsqne  la  richesse  rechauffe  est  progressivement  r^duite,  le 
grand  anneau  s'eteint  toujours  avant  le  petit  anneau  et  l*£cart  de  richesse  correspondant  est  de  l'ordre 
de  30  %. 


II  ressorf  de  l'examcn  g6n£ral  de  ces  figures  que  : 

-  pour  une  valeur  constantc  de  la  temperature  la  richesse  d'extinction  augoente  lorsque  le  nombre  de  Mach 
augmente  ; 

-  pour  une  valeur  const  ante  du  nombre  de  Mach  1 'augmentation  dc  tempi1  rature  conduit  4  une  diminution  de 
la  richesse  d'extinction. 


4.  CORRELATION  DES  LIHITES  D ' EXTINCTION 

La  stability  de  la  combustion  en  aval  d 'accroche-flammes  a  fait  l’objet  de  nombituses  dtudes  et 
different*  auteurs  ((2),  [3],  [4])  ont  propose  des  fornules  de  correlation  Pour  interpreter  1’effet  des 
prir.cipaux  p«i«ueiie»  :  reoperature.  pression,  vitesse  dimension  caract6nstique  dc  1  1 accroche-flaumys, 
taux  de  biocagt  dc  1 'ecoulemeut . 

Dans  le  cas  des  experiences  effectu4es,  la  pression  a  une  valeur  pratiquement  constante  Cgale  4 
la  pression  atmosphArique  et  les  deux  accroche-flammes  correspondent  4  une  meme  valeur  du  taux  de 
blocage  0,38.  Les  trois  param^tres  dont  les  variations  influent  sur  les  limiteg  de  stability  sont  la 
temperature,  le  nombre  de  Mach  et  la  g6om£trie  des  anneaux. 

A  la  suite  de  calculf.  pr£l  iminaires  et  compte  tenu  des  paramfctres  de  correlation  trruv^s  dans 
la  literature,  il  o^mu  qu'une  expression  de  la  forme 

(  M 

\p  —  _ 

\  Vf  exp  (T/ri) 

permet  l’ohtention  d'une  correlation  satisf aisante  susceptible  d ‘ interpreter  pour  chaque  accroche-f lamoe 
I’effet  de  le  temperature  et  du  nombre  de  Mach  anont  pour  une  7-ileur  de  n  dgaie  4  300. 

On  a  represent  A  *».»r  les  figures  5,  10  ft  II  le#  yuiuta  d'extinction  obtenus  pour  chaque 
accroche-f lomme  en  utilisant  comae  coordonndes  la  richesse  d'extinction  et  le  groupement  : 

u  _ 

VT  exp(T/300) 

Cheque  figure  rdvAle  un  groupement  satisf aisani  des  different*  points  qui  justifie  1 ' utilisation  du 
parudtre  de  correlation. 

L'effet  de  la  gAoi4tris  sur  les  limitcs  d'extinction  a  feit  l'objet  d'dtudes  antdrieures  danr 
le  cas  d  obstacles  lin^airea,  ds  grands  allonoeaects  pour  lesquela  l'dcouleaent  environnant  dtait 
pratiouement  bidimensionnel .  11  ressort  de  ces  dtudea  que  le  paramdtre  g4oaetnque  essential  dout  depend 

1' extinction  est  la  longueur  de  la  zone  de  recirculation  [3].  Dans  le  cas  de  plusieurs  obstacles  de 


formes  homothdtiquea  l*a  longueurs  des  tone*  de  recirculation  sont  proportionnellea  aux  hauteurs  H  de  ces 
obstacles  et  le  paramitre  de  correlation  incluant  simultandment  I'effet  de  1*  teapdratur^  aiaont  et  de  la 
g6oaetrie  a  pour  expression  : 

M 

llVf  op  (77300) 

Cette  expression  ne  peur  v«8  C  cilisfie  dans  le  cae  d'anneaux  concentriques  de  mdse  hauteur. 
La  figure  12  reprdsente  une  tentative  de  w.  relation  :  au  lieu  d' avoir  unc  courbe  unique  il  y  en  a  troxs. 
Is  courbe  de  l'annaau  de  hauteur  40  mm  se  situant  entre  les  courbes  des  deux  anneaux  de  hauteur  20  an. 


0  5  10  1b  0  5  10  15  20 


Fig.  9  —  Evolution  de  ia  richcsse  d'extinction  en  for.ction  du  Fig.  10  -  Evolution  de  h  richcsse  d'extinction  en  f one t ion 

par  am  Aire  de  correlation.  du  paramAtra  de  correlation. 


Fig.  ?  1  —  Evolution  do  la  nchessa  d 'ex  tine  non  en  fonction  Fig.  12  -  Correlation  des  I  i mites  d 'extinction.  El  fit 

du  param&tre  de  correlation.  de  la  gAomAtrie 


Ce  rdsultat  paradoxal  a  dtd  A  i'origine  d'une  dtude  ddtaillde  de  la  combustion  au  voismage 
ianddiat  des  accroche-f lamoes  dans  le  cas  des  deux  ar'enu’'  concent riques. 


5 .  ETUDE  DE  LA  COKPU5TION  EN  AVAL  DLS  DEUX  ANNEAUX 

La  premidre  explication  a  envisager  lors  de  la  constatation  de  richesses  d' extinction 
distinctes  pour  deux  obstacles  de  mcme  profU  places  dans  un  meme  dcoulemeut  est  une  hetdrogendite  de  cet 
dcoulcoent  en  tenpdrsture  ou  en  richesse. 

Les  mesures  de  temperature  effectives  dans  le  canal  de  rechautfc  ont  conduit  A  des  profils  de 
temperature  iciativeient  plats  prdsentant  de-  valeurs  identiques  au  niveau  du  petit  et  du  grand  anneau. 
pr.ijr  rnnr frr  1*  r i f hr j iir* i_p  /tan_.  i 1  Acct  leicent  unc  sop.de  "orctvslls  de  •'r^l^vesenr  d'dcfcen tiller,  de 
gaz  de  combustion  a  dtd  utii*s$e.  Cette  sonde  a  6td  placde  dans  le  creux  de  1 'accroche-f lamme.  L’dchan- 
tillon  de  gaz  prdlevi  est  amend  luaqu'A  des  analyseurs  de  gaz  qui  aesurent  les  concentrations  en  CO,  CO2 , 
CxHy  et  EOx.  La  misure  des  composes  carbonds  peraet  de  calculer  la  nchesse  locale.  Lea  rdovitats  obtenus 
avec  ces  prdldvements  ont  Bis  en  Evidence  une  idgdre  hdtfciogdnditd  :  le  petit  anneau  est  dans  ".ne  zone 
plus  riche  que  le  grand  anneau  nais  la  difference  relative  n’est  que  de  15  pour  cent  ce  qui  n'explique 
pas  1‘dcart  de  trtnte  pour  cint  obtenu  sur  les  nchesres  d'extinction. 

Une  autre  explication  k  cet  dcart  aurait  pu  dtre  la  suivante  :  la  procedure  d'essai  est  telle 
cu.  .'extinction  du  petit  anceau  et  celle  du  grand  anneau  ne  se  ddroulent  pas  daus  des  conditions 
dquivalentes  ;  1 ' extinction  du  grand  anneau  so  produit  alors  qu'il  y  a  combustion  derridre  le  petit 
anneau  r  pour  l'extinction  du  petit  anneau  par  contre  il  n'y  *  plus  de  combustion  derridre  le  grand 
anneau.  La  difference  d ‘ extinction  entre  les  deux  anneaux  s'expliguerait  par  une  variation  de  Vitesse 
dans  !e  canal  due  A  1' obstructs n  erdde  par  la  combustion.  Pour  dliainer  cette  explication  des  tenures 
d‘ extinction  sur  le  grand  anneau  sans  combustion  en  aval  du  petit  anneau  ont  dte  effectudes  et  ont 
conduit  aux  mdmes  rdsuitats  qte  les  prdeddontes  experimentations . 
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Afin  de  comprendre  1  'organisation  de  la  combustion  derridre  1 ' accroche-f lamae ,  la  sorde  de 
pr61*veaenl  a  places  dans  l’£coulement  avec  combustion  non  plus  pour  mesurer  use  nchease  »  sis  un 

rendenent  de  combustion  tuns:  quo  les  diff6rentes  eap^ces  prisentes.  Les  premieres  mesures  ont  6t6 
effectu^ee  dar.s  la  portion  centrale  du  siJlage  de  cbacuo  des  deujt  anneaux  et  suivant  une  direction 
paralldle  i  1'axe  de  1  '6coulement ,  elles  ont  permia  en  parnculier  de  determiner  Involution  longitu- 
dinale  du  rendeaent  de  combustion  en  aval  du  grand  et  du  petit  anneau. 

les  resultats  sont  pr^sentds  graphiquecent  sur  la  figure  13  en  fonction  de  l'abscisse  reduite 
x/H  -  lea  deux  courbes  prdsentent  le  o6oe  aspect  avec  toutefois  un  changement  important  d'abscisse.  Les 
points  qui  suivant  m^rxtcnt  d'tlre  soulignds  : 

1)  au  voisinage  imaddiat  de  cbaque  accrochs-f lamae  le  rendeaent  pr£sente  une  valeur  constarte  et  6gale 
k  1  pour  : 

0  £  x/H  S  J,5  dans  le  cas  du  grand  anneau, 

0  £  x/H  S  3  dans  le  cas  du  petit  anneau  ; 

2)  plus  en  aval,  le  rendenent  ddcroit  jusqu'A  la  valeur  miniaale _ T?  =0.84.  Cette  valeur  est  obtenue 

respectivement  pour  ; 

x/H  *  6,25  dans  le  cas  du  grand  anneau. 
x/H  *9,25  dans  le  cas  du  petit  anneau  ; 

3)  au-deld  des  valeuru  pr4c6dentes  de  x/H  le  rendement  de  combustion  augoente  progressivement . 


Fig.  13  —  Evolution  du  rendement  en  fonction  da  Is  distance 
A  I'accroche-f/amme  x  rapportde  A  la  hauteur  de  /'anneau  pour : 
in-  2,5  kg/s  —  T  -  SQCPC  -/>=  0,62. 


Or,  ;uste  en  aval  de  1 ' accroche-f lanme  il  y  a  une  zone  de  recirculation  constitute  par  des  gaz 
bruits  qui  permet  la  stabilisation  de  la  flamme.  On  peut  done  penser  qu'il  existe  une  proportionnalitt 
entre  la  zone  de  rendement  1  et  la  zone  de  recirculation. 


A  tgalitt  de  hauteur  H  il  apparait  ainsi  que  l*v.  oanisation  de  1  ’dcouleaer.t  avec  combustion  en 
aval  de  1 'arcrochfi-fliSSu  r/est  pas  la  meme  dans  le  c-s  Jes  deux  anneaux  fetudita  et  que  la  zone  de 
recirculation  est  plus  ttendue  dans  le  cas  du  petit  anneau  que  dans  le  cas  du  grand  anneau. 


Quant  aux  concentrations  en  CO,  COi  et  CxHy  leurs  variations  en  fonction  de  x  sont  reprdaentGts 
aur  les  figures  14  et  15-  Pr£s  de  1 'accroche-f 1 anise,  en  aval,  il  n'y  a  pas  d 'hydrocarbures  imbrfllis  et  la 
quantity  de  CO  est  dgale  A  la  quantity  pr^sente  A  l’fcquilibre  tbermoebimique  (dans  les  odoes  conditions 
de  richesse  ':t  de  pression) ,  Cans  la  zone  de  recirculation  le  temps  de  sdjour  du  mdlange  air-k£ros£ne  est 
suffisant  pour  que  les  reactions  chimiques  aoient  tr£s  avanedes  et  done  que  la  composition  des  produits 
de  combustion  soit  tres  proche  de  la  composition  A  l’6tat  d*£quilibre  therac cbimique  correspondant .  Par 
contre,  en  aval  de  la  zone  de  recirculation  la  configuration  de  l’dcoulement  change.  On  trouve  une  zone 
oil  le*  gaz  bruits  n'ont  pas  un  degrd  d'avancement  61ev£.  Les  concentrations  en  nonoxyde  de  carbone  et  en 
hydrocarbures  imbrQlAs  augmented  en  fonction  de  x.  Aprds  avoir  atteint  une  viIpui  maximal*,  elles 
diminuent.  Celt  correspond  k  la  zone  de  propagation  de  la  coabuption. 
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Fig.  14  -  Evolution  cas  concentrations  en  CO,COJ  at  CxHy 
en  forint  ion  da  le  distance  d  I  'accroche-f iamm?  rapports  A 
la  hauteur  de  i  ’anneau  pour  le  petit  anneau  et  pour  m  =  2,5kg/s 
T  -  SCXfic  -v=  0,52. 


2 


— -CO 


CxHy 


7,t> 


12,5 


V 


0 


2.5 


10 


!  1-8 


12 


Concentrations  de  CO,  COa.CxHy  (%) 


G 

4 


Fig  16  —  Evolution  das  concentrations  an  CO.COi  et  CxHy 
an  fonction  da  la  distance  A  I  'accroche-  flam  me  rapporrte  d 
la  hauteur  da  I  'anneou  pour  le  grand  anneeu  at  pour .  m  -  2,5kg/s 
T=  SGCPC  -V  =  0,52. 
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Lee  risultats  cbtenua  par  comparaison  des  rendeacnts  sur  les  deux  anneaux  ont  conduit  A  difinir 
une  autre  experimentation  permettant  de  confirmer  les  longueurs  distinctes  de  zones  de  recirculation  sur 

ces  deux  stabilisateurs .  La  longueur  de  ces  zones  est  mesurie  de  la  facon  suivante  :  on  injecte  du  sodium 

sous  forme  d'une  solution  aqueuse  saturde  en  chl^rure  de  sodium  A  la  limit*  de  la  zone  de  recirculation. 
Le  sodium  devient  Aaissif  k  haute  temperature  et  donne  une  tris  nett*  coloration  jaune-  Si  le  point 
d'injection  se  situe  en  dehors  de  la  zone  de  recirculation  la  coloration  fuit  vers  l'&val  avec  l’Acou- 
leaent.  En  revanche,  s'il  se  situe  A  l'intferieur  de  la  zone  de  recirculation  le  sodium  est  entraind  en 
amont  vers  1 'accroche-f lanme  et  la  coloration  jaune  envahit  touto  cette  zone.  On  peut  ainsi  difinir  les 
contours  de  la  zone  de  recirculation. 

Cette  mithode  a  At*  mise  en  oeuvre  par  A.  HESTRE  [1]. 

L'expArimentation  a  permia  de  dessiner  la  figure  16  od  sont  reprdsenties  les  deux  anneaux  avec 

leura  zones  de  recirculation  respectives  en  coupe. 


p!g.  16  -  Forme  des  zones  de  recirculation  dAtarminAe  expA- 
rimer  ta/emen t par  infection  de  sodium. 


Ces  rdsultats  continent  ce  qui  avait  it*  entrevu  lor s  des  mesures  de  reademsnt,  A  savoir  gue 
lea  zones  de  stabilisation  de  la  combustion  en  aval  dss  dsux  anneaux  o' ont  pas  la  nine  longueur. 


i  i-y 


6.  CQWCLUSIOM 

Lea  observations  et  les  mesures  faites  au  courc  des  experimentations  aur  les  accroche-f laames 
conatituis  de  un  seul  anneau  et  de  deux  anneaux  ont  perxia  de  aontrer  que  1 ' extension  dea  correlations 
obtenue*  a\ec  les  accroche-f lamnes  lin^aires  places  dans  des  ^couleaants  bidimensiormels  4  dea  accroche- 
flamsus  annulairea  dans  des  Acoulempnts  axisymdtriques  est  possible  pour  ct»  qui  concerne  l'effet  de  la 
vitesss  et  de  la  temperature  sur  les  Unites  de  stability  nils  se  r^vdle  plus  difficile  pour  l'effet  de 
la  gdoBdirie. 

Tour  les  accroche-f lamnes  lindaires  le  paraa^tre  g£om6tnque  significant  esf  la  longueur  de  la 
zone  de  recirculation  elle-m£me  proportional ie  4  la  bauteur  du  stabilisateur,  e'est  cette  grandeur 
g£om6trique  qui  est  utilisGo  avec  sucefes  dans  les  correlations  de  stability.  En  presence  d'accroche- 
liaomes  annulaires  et  probabloment  4  cause  de  1  ’ axisymitne  de  l'£coulament  et  du  stabilisateur,  les 
zones  de  recirculation  qui  se  ddvcloppent  an  aval  de  deux  obstacles  de  hauteurs  identiques  mais  de  rayons 
distinct* ,  ont  des  longeurs  differentes. 

Pour  ces  accroche-f Isaacs ,  qui  se  rapprochent  plus  de  la  configuration  utilisde  cur  un  xoteur 
que  les  accrocbe-f 3 lames  Impair  es,  la  hauteur  de  1’ obstacle  se  rdvdle  insuffisante  pour  caract4riser  la 
stability. 

Au  stade  actuel  de  l'4tude  il  nous  est  encore  impossible  de  pr£ciser  le  paraa&tre  g6om£trique 
significatif .  Un  certain  nombre  d 1  experimentations  et  de  calcula  sent  encore  n^cessaires  pour  cela. 

Mais  leo  r^sultats  prGsentds  ici  fournissent  dgalement  un  certain  nombre  de  renceiffneacnts  qui 
aa^liorent  la  coanaiasance  des  ph*nomdnes  de  stabilisation  par  obstacle  et  nous  peraettront  d-am61iorer 
la  aod61)aaticn  de  la  combustion  afin  qu'elle  reflate  encore  nieux  les  ph4noa£nes  riels  tris  complexes. 


(1)  -  A.  HESTRE 

“Etude  des  Unites  de  stability  en  relation  avec  la  resistance  des  obstacles  4  l'dcoulement" 
AG.tRD  Combustion  Researches  and  Reviews  Butterworths,  London.  1955. 

[2J  -  H.V.  HERBERT 

*'A  theoretical  analyais  of  reaction  rate  controlled  systems  :  part  I", 
combustion  Researches  and  Reviews  Butterworth,  London,  1957. 

[3]  -  D.R.  BALLAL.  A . H .  LEFEBVRE 

“Weak  extinction  limits  ot  turbulent  flowing  mixtures". 

ASME  1979,  vol  101,  Journal  of  Engineering  for  power. 

[4]  -  UANG  JIA-HUA ,  CHAHG  YING  20U 

"Experimental  research  oi  the  mecha.iism  of  flame  stabilisation  in  two  phase  mixture”. 
American  Institute  of  Aeronautics  and  Astronautics,  1983. 
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DISCUSSION 


G.Wmterfeld,  GF 

From  the  old  studies  of  flame  stabilization  in  the  fifties  and  sixties  (e  g.,  K.U.Zukowski).  it  is  well  known  that  the  length  of 
the  recirculation  2onc  is  one  of  the  prime  geometric  parameters  for  correlating  stabilization  results  (residence  time  in  the 
flow  along  recirculation  zone)-  This  length  is  strongly  influenced  by  the  geometry  of  the  flume  holder  system  and  the 
blockage  it  causes  between  the  *>uter  wall  and  the  centre  body.  Could  you  comment  on  the  effect  of  blockage  generated  by 
your  system  of  flame  holders? 

Author’s  Reply 

The  blockage  has  a  strong  irfluencc  on  the  lean  blow  out.  Its  effect  has  been  quantified  in  previous  studies.  The  value  of 
this  blockage  doesn't  appeal  in  cur  correlating  parameter  because  we  have  used  flame  holders  having  the  .same  blockage: 
the  single  annular  flame  holder  and  the  2  annular  flame  holders  have  the  same  cross  section.  We  have  not  studied  the 
influence  of  the  blockage  on  the  lean  blow  out  limits,  only  the  influence  of  the  Mach  number,  the  temperature  and  the 
flame  holder  geometry. 


A.Lefcbvre,  US 

Many  previous  workers  have  studied  the  flame  stabilizing  properties  of  single,  two-dimensional  flame  holders.  What 
makes  your  research  especially  interesting  and  useful  is  that  you  employ  fully  annular  flame  holders,  sometimes  alone  and 
sometimes  in  conjunction  with  one  or  two  other  annular  flame  holders.  Thus  your  test  rig  simulates  much  more  closely  the 
actual  engine  configuration.  I  would  like  io  ask  if  the  flames  supported  on  the  different  gutters  bum  independently  of  each 
of  them  or  it  one  flame  zone  interacts  with  an  adjacent  flame  zone,  thereby  raising  the  combustion  efficiencies  of  both 
zones. 

Author's  Reply 

When  we  observed  the  different  lean  blowouts  with  the  two  annular  flame  holders  we  first  made  different  hypotheses.  The 
first  wys  to  suppose  that  the  upstream  flow  was  not  homogeneous.  However,  the  temperature  and  equivalence  ratio 
measurements  led  to  the  conclusion  that  this  was  not  a  convenient  leason 

The  second  hypothesis  was  that  there  was  an  influence  of  the  combustion  downstream  of  the  little  annular  flame  holder  on 
the  combustion  downstieam  of  the  large  one.  In  order  to  know  if  this  was  true  or  not  wc  have  done  measurements  of  lean 
blow  out  limits  on  the  laige  annular  flume  holder  without  combustion  downstream  of  the  little  annular  flame  holder.  The 
results  obtained  were  equal  to  the  previous  one.  We  can  conclude  that  there  is  no  influence  on  the  lean  blow  out  limits. 
There  is  no  inteiaction  between  recirculation  zones  of  different  flame  holders.  Downstream,  interaction  can  occur  and 
this  has  no  influence  on  lean  blow  out. 


J.Odgers,  CA 

With  reference  to  Figure  13,1  presume  the  change  ( reduction)  in  combustion  efficiency  as  one  goes  do  .*  i. stream  from  the 
gutters  is  due  to  a  diluiion  effect  brought  about  by  the  relative  recirculation  zones.  Is  this  correct? 

Author’s  Reply 

In  the  recirculation  zone,  just  downstream  of  the  flame  holder,  the  combustion  products  h*ve  a  large  residence  time.  For 
this  reason,  the  combustion  efficiency  is  equal  to  I  (’0%.  But  downstream  of  this  zone  there  is  mixing  between  combustion 
products  and  fresh  gases  and  therefore,  because  of  this  dilution,  the  combusting  efficiency  decreases  and  then  increases  in 
the  propagation  zone  of  combustion. 
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The  modern  turbofan  afterburner  is  characterised  by 
its  high  boost  and  efficiency  and  by  its  compact 
geometry  which  is  achieved  by  locating  the 
flameholding  bafflos  Immediately  downstream  of  the 
turbine  exhaust  plane  at  the  confluence  of  the  engino 
core  and  bypass  gas  streams.  At  the  confluence,  the 
stream  divider  may  be  a  simple  cylinder  or  it  may  be 
of  lobed  configuration  to  encourage  mixing  between 
the  two  gas  streams  in  the  downstream  jet  pipe  in 
order  to  Improve  the  unboosted  thrust  of  the  engine 
Obviously  the  geometry  of  the  afterburner  hardware 
must  be  adapted  to  suit  the  choice  of  mixed  or 
unmixed  configurations.  In  flight,  selection  of  the 
afterburner  must  be  fast  and  reliable  under  all 
flight  conditions  with  times  to  full  thrust  of  the 
order  of  only  a  second  or  two  Both  the  light  up  and 
the  subsequent  acceleration  to  full  thrust  are 
expected  to  be  smooth  with  no  excessive  initial 
thrust  jump.  Synchronisation  and  matching  of  the 
afterburner  fuel  with  the  variable  final  nozzle  must 
be  accurate  at  ail  times  to  maintain  the  engine 
turbomachinery  on  its  required  running  tines  The 
afterburner  must  always  be  free  of  combustion  driven 
pressure  oscillations  which  can  occur  either  in  cross 
strom  modes,  which  destroy  engine  hardware  in 
fractions  of  a  second,  or  in  longitudinal  modes  which 
can  also  be  mechanically  damaging  and.  in  some 
instances,  cause  fan  surge  and  other  intolerable 
effects  In  the  engine  The  afterburner  must 
incorporate  appropriate  measures  to  avoid  various 
potential  thermal  problems  including  fuel  boiling  and 
gumming  In  the  supply  manifolds  and  excessive  heat 

transfer  u>  the  jet  pipe  ana  aircraft  engine  bay 

INTRODUCTION 

The  so-callod  'propelling'  nozzle  of  a  jet  engine 
is  somewhat  misnamed  since  its  function  is  to  act  as 
a  throttle  on  the  engine  air  flow  to  establish  the 
engine  turbomachinery  on  its  required  running  lines, 
and  the  aerodynamic  forces  acting  on  it  are  always  in 
the  roarward  direction.  Far  from  providing  the 
propulsive  forward  thrust  of  the  engine,  the  nozzle 
Is  actually  a  drag  on  the  installation.  Some  of  this 
drag  Is.  of  course,  recovered  when  a  divergent  second 
stage  is  provided  to  the  nozzle  but  this  never 
amounts  to  more  than  a  small  proportion  of  the 
rearward  force.  The  value  of  afterburning  to  the 
engine  cycle  Is  that,  by  Increasing  the  voiume  of  the 
turbine  exhaust  gases.  It  provides  an  extra,  or,  more 


airflow  which  incurs  no  drag  penalty  and  is  easily 
varied  and  very  powerful  in  Its  effect.  The  simplest 
use  of  an  afterburner  is  to  slightly  uprate  an  engine 
provided  with  only  a  fixed  mechanical  nozzle.  The 
resulting  additional  thrust  is  approximately  what 
would  be  obtained,  without  afterburning,  by  the  use 
of  a  smaller  nozzle  but  without  Incurring  the 
additional  drag  of  the  small  nozzle.  The  degree  of 
boost  achievable  In  this  way.  if  any.  depends  on  the 
particular  characteristics  of  the  engine 

turbornachlnery  end  on  the  prevailing  flight 
condition.  At  best.  It  is  resMcted  to  law  values 
High  boost  afterburners  may  use  this  minor  effect. 


when  It  is  effective,  but  their  chief  purpose  Is  to 
provide  compensatory  thermal  throttling  of  the  engine 
whilst  the  variable  nozzle,  which  Is  an  essential 
adjunct  to  a  high  boost  system,  is  progressively 
opened  to  high  degrees.  The  object  of  opening  the 
nozzle  Is,  of  course,  to  njduce  its  drag  and  it  is 
this  reduction  in  nozzle  drag  which  is  the  source  of 
afterburner  boost. 

It  is  obviously  not  necessary  that  the  oegree  of 
afterburning  provided  should  always  precisely 
compensate  for  the  nozzle  opening,  that  is  to  exactly 
maintain  the  turbomachinery  on  the  same  running  line 
whether  the  afterburner  is  on  or  off.  There  is  often 
a  fuel  consumption  or  thrust  advantage  in  operating 
the  boosted  engine  either  under  or  over  restored 
relative  to  the  unboostad  case,  that  Is  as  if 
operating  “dry”  (unboosted)  w'th  a  relatively  larger 
or  smaller  nozzle.  The  'equivalent  dry  nozzle  area' 
or  EDNA  value,  expressed  ss  a  percentage  deviation 
from  the  unboostod  nozzle  area  Is  a  convenient  means 
to  indicate  the  pievailing  engine  or  fan  rur.ning  line 
in  the  boosted  case. 

There  is  a  further  option,  whenever  afterburning  is 
selected,  of  increasing  the  engine  thrust  by  a  core 
engine  ‘throttle  push'  that  is  by  Increasing  the 
turbine  entry  temperature.  The  term  ‘afterburner 
boost*  Is  somerlr  res  used  to  indicate  ths  total 
(engine  plus  afterburner)  increaso  in  thrust  between 
afterburner  on  and  afterburner  oft  but  in  this  paper 
it  denotes  only  the  contribution  from  the  afterburner 
anq  is  quoted  as  a  percentage  or  tne  prevailing  'dry 
thrust'  or  the  engine,  that  is  the  thrust  which  the 
engine  would  deliver  If  it  were  operating  without 
afterburning  but  at  the  same  turbine  entry 
temperature  and  with  Its  nozzlo  set  at  the  prevailing 
EDNA  value. 

AF1ERBURNER  CONFIGURATIONS 

The  earliest  Rolls-Royce  turbofen  afterburners 

(Figure  1)  were  termed  mix-thpn-burn  svstems  because 
they  featured  a  stream  mixer,  of  about  one  joi  pipe 
diameter  in  length,  betwaen  the  engine  and  the 
afterburner  proper  its  purpose  was  to  mix  the 

turbine  and  bypass  gas  streams  shead  of  the 
fiamehoiders  to  avoid  the  obvious  and.  at  the  time, 
novel  problems  of  promoting  burning  in  the  cold  gases 
of  the  engine  bypass  stream  Instead.  similar 
ficmienoiiiitiy  and  fuei  injection  arrangements  to  tnosfl 
used  in  earlier  turbojet  afterburner  systems  were 
provided  and  the^e.  It  was  anticipated,  would  bo 
appropriate  for  operation  in  what  was  Intended  to  be 
a  fully  mixud  gas  stream  at  near  turbojet 

temperatures. 

Stream  mixing  can,  of  course,  be  a  thermodynamic 
benefit  to  the  engine  cvcle  in  itself  but  Its  value 

at  military  engine  bypass  ratios  depends  strongly  on 

the  aircraft  application  In  which  the  engine  is 
employed.  Whilst  the  mixing  always  gives  u  constant 
If  modest  improvement  in  the  engine  dry  thrust,  any 
additional  pressure  losses  which  the  mixer  generates 
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FIG  I  THE  MIX-THEN-BURN  AFTERBURNER 

result  In  a  thrust  deficit  which  is  variable  with 
flight  condition  and  which  can  more  than  eliminate 
the  mixing  benefits  (Figure  2)  "iha  pressure  loss 
deficit  is  a  strong  function  of  nozzle  pressure  ratio 
but  Is  not  important,  for  Instance,  during  high 
altitude,  high  speed  flight.  In  applications  in 

which  this  flight  mode  dominates,  the  use  of  mixing 
could  clearly  be  beneficial. 

The  mix-then-burn  afterburner  achieves  its  objectives 
fairly  satisfactorily  but  at  the  expense  of  a 

relatively  long  jet  pipe  It  has  also  proved  to  be 
prone  to  the  instability  known  as  afterburner  buz/  O'- 

rumble,  to  which  turbofan  afterburners  are 

particularly  susceptible,  at  intermediate  to  high 
levels  of  boost  In  fact  the  boos*  which  Is  ssfely 
available  from  the  mix-then-burn  afterburner  is 
limited  by  the  eppearence  of  buzz  and  the  fuel 
schedule  has  to  be  set  down  accordingly  Buzz  Is  a 
longitudinal  “organ  pipe'  pressure  oscillation  which 

can  become  established  between  either  thn  f«n  nr  the 
turbine  end  the  nozzle  with  frequencies  between  about 
50  and  150  Hz  depending  on  the  tvpe  of  bii2Z 

established,  the  flight  condition,  the  afterburner 
fuelling  level  and  so  on  Its  causes  find  avoidance 
are  discussed  in  later  sections. 

In  the  next  afterburner  evaluated  at  Rolls-Royce,  a 
stream  mixing  arrangement  was  retained  but,  to  save 
engine  length  end  weight,  a  flam*. holder  system  was 


FIG  2  MIXING  BENEFITS  VERSUS  NOZZLE 
PRESSURE  RATIO 


chosen  which  could  double  as  the  stream  mixer  In  the 
afterburner  off  case.  In  this  paper  this  system  is 
referred  to  as  the  “mix-and-burn  system’ 

The  mlx-and-burn  afterburner  system  usos  an 
adaptation  of  a  cold  stream  burner  device  which  has 
been  employed  In  various  applications  in  Rolls-Royce 
engines,  for  instance  In  ramjets  and  in  rPCB*,  for 
boosting  the  front  nozzle  thrust  of  the  Pegasus 
vectored  thrust  engine  (Reference  1)  In  its 
afterburner  configuration  the  mix-and-burn  system 
features  a  pilot  burner  at  the  downstream  und  of  the 
splitter  which  divides  ■  it  bypass  and  turbine  streams 
at  turbine  exhaust  (Figure  3)  The  pilot  is  a  simple 
annular  gutter  and  Is  separately  fuelled  by  direct 
injection  Into  its  wake  through  a  variation  of  the 
'vaporiser*  fuel  Injector  employed  in  Rolls-Royce 
military  core  combustors  (Reference  2).  The 

distinguishing  feature  of  the  mlx-and-burn 
afterburner  is  a  system  of  Vee-3haped  "longerons" 
which  extend  from  the  annular  pilot  across  the  bypass 
strsoiT.  «;  q  iiu.iuw  u'lyitj  to  the  t;ow  (Reference  3). 
Ire  wakes  of  the  longerons  are  contiguous  with  that 
of  the  annular  pilot  and  hence  fill  with  flame 
whenever  pilot  fuel  is  selected.  The  mam  bypass 
stream  fuel  injectors  are  located  in  the  slots 
between  the  longerons  acting  as  the  ignition  source 
for  this  fuel  For  the  turbine  stream,  an 
arrangement  of  plain  V-baffles  with  upstream  fuel 
injectors  is  employed. 

With  afterburner  off,  the  action  of  the  bypass  stream 
longerons  is  to  turn  the  flow  radially  inwards 
through  an  angle  dependent  on  the  angle  and 
circumferential  blockage  they  present  to  the 
approaching  flow  Meanwhile,  the  turbine  stream 
gases  tend  to  lift  outwards  into  the  wakes  of  the 
longerons,  thus  generating  a  large  Interface  between 
the  two  streams  »o  encourage  the  required  high  level 
of  stream  mixing.  Mixing  nffirij'nri**  of  ?!"?  order 
of  85%  are  measured  'or  this  system  at  the  engine 
nozzle  which  is  Bbout  1.26  pipe  diameters  from  the 
end  of  the  stream  mixer. 

The  burning  performance  of  the  mlx-and-burn  system  is 
high  and,  In  terms  of  both  boost  and  efficiency, 
matches  that  of  the  earlier  mix-then-burn 
configuration  fairly  closely.  However,  once  again 
afterburner  buzz  Imposes  an  upper  limit  to  the  thrust 
which  can  be  safely  extracted  from  the  system  and, 
although  this  Is  very  high.  It  Is  behaved  that  this 
system  could  never  deliver  the  near  stoichiometric 
nozzle  temperatures  which  are  targeted  for  modern 
afterbJrnars.  Accordingly,  the  mix-and-burn 

afterburner  has  never  bean  developed  beyond  •  short 
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FIG  3  THE  MIX-AND-8URN  AFTERBURNER 


programme  of  exploratory  engine  ana  full  scale  rig 
evaluations 

The  cause  of  the  mix-and-burn  system's  proneness  to 
afterburner  buzz  Is  bellevod  to  be  a  strong  inward 
migration  of  the  bypass  fuel,  which  is  generated  in 
the  first  place  by  the  cross-duct  movements  of  the 
two  gas  streams 

Accurate  fuel  placement  and  control  of  fuel  movements 
are  always  difficult  to  achieve  in  cold  stream 
burners  since,  ahead  of  the  flames.  The  fuel  droplets 
tend  to  remain  unovaporated  and  to  move 
baili3tlcally.that  is  without  following  the  gns 
stream  around  bends  and  obstacles  in  the  flow,  so 
that  their  trajectories  are  always  uncertain  and 
often  end  In  impact  with  the  duct  walls  or  with  other 
hardware  For  this  reason.  In  Rolls-Royce  cold 
stream  burners,  the  fuel  Injectors  ar©  usually 
located  between  rather  than  upstream  of  the 
flameholders.  which  would  otherw.se  tend  to  operate 
awash  with  liquid  fuel,  so  that  the  fuel  is  injected 
uHuciiy  imu  the  ourmng  zones.  However,  an 
Inevitable  consequence  of  'direct"  fuel  injection, 
from  between  the  flameholders  rather  than  ahead  of 
them,  is  that  the  fiaroeholder  wake  flames  need  to  be 
provided  with  their  own  separate  supply  of  fuel 
(Figure  4)  The  use  of  "woke*  and  "fill*  fuel  stages 
is  another  feature  of  all  Rolls-Royce  cold  stroam 
burners  to  date. 


In  the  case  of  the  mlx-and-burn  afterburner,  when  the 
main  bypass  stream  fuel  in  Injected  into  the  system 
from  between  the  longerons,  it  immediately  assumes 
the  radially  inward  motion  of  the  local  gas  stream 
and,  despite  the  fact  that  the  fuel  enters  the  flame 
end  must  evaporate  very  quickly,  significant 
proportions  of  it  continue  towards  the  centra  of  the 
jet  pipe  when  the  bypass  gases,  in  which  they  are 
intended  to  purn.  turn  axially  rearward  towards  the 
noz2le.  The  measured  effect  of  this  is  a 
concentration  of  fuel  on  the  Jet  pipe  centre  line 
which,  coupled  with  the  incomplete  mixing  of  the  gas 
streams  at  the  upstream  end  of  the  jet  pipe,  leads  to 
very  high  local  values  of  fuel/air  ratios  and,  as 
further  explained  In  the  next  section,  the  relative 
pronnness  to  afterburner  buzz  already  mentioned.  As 
as  alternative  to  the  mix-and-bum  system  and 
especially  when  there  is  no  operational  advantage  In 
stream  mixing,  it  is  advantageous  to  dispense  with 
mixing  altogether  in  order  to  ensure  the  aerodynamic 
conditions  and  the  control  over  fuel  movements  which 
are  noedod  to  best  ensure  that  buzz  1$  avoided  The 
most  recent  Rolls-Royce  afterburners  are  of  this  type 
and  are  designed  specifically  to  discourage  stream 
mixing.  However,  despite  the  measures  taken  to  avoid 
forcing  the  mixing,  significant  amounts  nevertheless 
occur  due  to  natural  diffusion  of  the  streams  into 
each  other  Because  of  this  effect,  this  afterburner 
Is  termed  the  mix/burn  system.  A  full  description  is 
deferred  to  s  later  section. 


AFTERBURNER  BUZZ  IN  THE  OLYMPUS  22R  SYSE 

Although  afterburner  buzz  Is  usually  associated 
with  fairly  recent  turbofan  engines,  it  Is  by  no 
means  confined  to  this  type.  and.  as  early  as  1861, 
the  phenomenon  was  encountered  in  a  Rolls-Royce 
turbojet  engine,  the  Olympus  22R,  during  bench  engine 
investigations  into  a  quite  separate  engine 
■  ■■aiauhiiy. 

Since  the  appearance  of  buzz  during  flight  seamed  e 
real,  if  remote,  possibility  on  this  engine  and  Its 
possible  consequences  were  believed  to  be  potentially 
very  damaging,  a  full  enquiry  into  Its  fundamental 
causes  was  Initiated  (Reference  4).  From  the  start 
Of  the  Investigation  It  was  known  that  the 
possibility  of  buzz  arose  in  the  Olympus  22R  because 
of  the  nature  of  its  fuel  control  system.  This 
introduced  the  fuel  In  consecutive  stages,  with  each 
fuel  injection  stage  feeding  ore  of  the  afterburner's 
annular  flameholders  The  control  system  was 
designed  to  deliver  tne  scheduled  *uet  irrespective 
of  the  back  pressure  from  the  fuel  injection  eystem 
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and  this  meant  that,  if  one  fuel  injector  failed  to 
be  selected,  due  to  a  faulty  valve,  for  instance,  its 
Intended  share  of  the  fuel  would  be  automatically 
divided  between  the  injectors  already  operating  As 
a  consequence  their  fiamehoiders  would  receive 
significantly  more  fuel  than  their  scheduled  flow  and 
it  was  this  circumstance  which.  It  was  found,  could 

generate  buzz 

TirtXn#  exhaust  Plain  V -gutter 


dynamic  alignment 
with  flamahoktoi  a 


spread  evenly  across  the  gas  stream  or, 
alternatively,  concentrated  at  the  fiamehoiders  by 

siting  tha  fuel  injectors  either  relatively  far  or 

close  upstream. 

Tha  operating  characteristics  of  an  afterburner  which 
are  Influenced  by  the  uniformity  of  the  fuel 
distribution  are  the  thrust  boost  at  which  maximum 
efficiency  is  achieved.  the  lean  operating  limits 
and,  as  will  be  seen  the  system's  buzz 

characteristics.  All  of  these  characteristics  are 

strongly  influenced  by  the  fuel  air  ratio  local  to 
the  flamehoEder  station  With  channel-anvil  fuel 
injection,  peak  efficiency,  lean  blow  off  and 

afterburner  buzz  occur  at.  respectively. 

Stoichiometric.  30%  stoichiometric  and  150% 
stoichiometric  conditions  at  the  flameholder  In 
general,  therefore,  the  fuel  injection  length  can  be 
chosen  to  maximise  afterburner  eFiclency  at  the 
boost  required  by  the  engino  application,  but  with 
possible  overriding  limitations  determined  by  the 
fuel  (or  boost)  turn  down  requirements  and  by  the 
risk  of  buzz. 


FIG  5  THE  OLYMPUS  22R  TURBOJET 
AFTERBURNER 

The  Olympus  22R  afterburner  (Figure  5)  features 
three,  concentric,  annular  fiamehoiders.  of  plain 
V-baffle  section  each  served  by  a  "channel-anvir 
fuel  injector  located  about  70mm  directly  upstream. 
The  channel-anvil  fuel  Injector  (Figure  6)  is  a  ring 
manifold  from  which  the  fuel  is  injected  in  an 
upstream  direction  into  a  downstream  facing  channel 
The  fuel  spreads  circumferentially  in  the  channel 
which  therefore  acts  es  a  line  source  of  fuel  and 
provides  a  very  uniform  supply  along  its  length.  An 
important  secondary  advantage  q1  the  charnel  anvil 
Injector  Is  that  the  fuel  ring  is  externally  cooled 

by  the  injected  fuel  which  helps  to  suppress  internal 
boiling  in  the  ring  and  the  Instabilities  in  fuel 
supply  and  burning  which  this  causes  !n  the  cross 
stream  or,  in  the  present  case,  the  radial  direction, 

the  channel  anvil  develops  a  peak  in  tha  fuel 

concentration  In  line  with  itself  and  this  peak 


o  l  -  Local  fuel (aa  ratio 

c*  0-  Mean  I'jot/dlr  ralk>  tor  injector 


Typical  fuel  ek  r»llo  pro»M  at  10* 
Injection  (Natanca 


The  value  of  the  flameholder  fuel  air  ratio  at  buzz 
onset  (50%  above  stoichiometric)  was  determined  in 
the  series  of  experiments  on  the  Olympus  22R  engine 
referred  to  earlier  in  which  it  was  deduced  that  an 
excess  of  fuel  air  ratio  beyond  this  value  at  any 
single  flemeholder  was  a  sufficient  condition  for 
buzz.  The  tests  were  made  in  an  altitude  test  cell 
at  various  simulated  flight  conditions.  The  main 
hardware  changes  evaluated  during  the  tests  were  to 
the  fuel  injectors,  of  which  several  types  in 
addition  to  the  channel  anvil  injectors  were  used 
The  injectors  were  located  at  various  distances  from 
the  fiamehoiders  to  vary  the  fuel  concentrations  at 
the  flameholder  station  and,  during  the  tests,  the 
fuel  to  single  and  various  combinations  of  fuel 
injectors  was  incraased  until  the  buzz  instability 
was  detected  As  already  noted,  it  was  found  that, 
in  every  example  of  bu2Z  onset,  the  fuel  to  soma 
flameholder  had  been  raised  to  the  critical  level  and 
this  applied  irrespective  of  the  prevailing  gas 
conditions  in  the  jet  pipe  or  the  prevailing  level  of 
heat  release  In  the  pipe  -  although  the  latter 
obviously  influenced  the  amplitude  of  the  instability 
once  it  had  been  generated.  This  is  illustrated  in 
Figure  7  which  shows  buzz  amplitude  versus  a  fuel 
concentration  parameter  which  indicates  the  peak  fuel 
air  ratio  at  tha  fiamehoiders.  It  shows  now  buzz 
always  appear  at  a  fixed  local  fu«;  «i>  >duu  but 
thereautM  responds  to  the  number  of  fiamehoiders  in 

Operetron.  that  is  to  the  total  quantity  of  fuel 

supplied  to  the  system. 

Because  of  the  nature  of  the  Olympus  22R  engine  cycle 
end  its  afterburner  control  system,  the  only  jet  pipe 
gas  stream  property  which  was  variable  with  flight 
condition  during  these  tests  was  the  gas  pressure  so 

that  no  information  on  the  influence  of  Inlet  gas 
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FIG  6  THE  FUEL  DISTRIBUTION  FROM  THE 
CHANNEL  ANVIL  FUEL  INJECTOR 

reduces  ar  Increasingly  remote  distances  downstream 
At  any  fixed  distance  downstream  of  the  fuel  injector 
(L|),  tt.o  rouioi  fuei  disirioution  is  constant 
over  practical  ranges  of  gas  conditions  and  fuel  flow 
and  the  half-width  (W)  of  the  spray  is  given  by  tha 
simple  expression 

W  -  0.9  L,  1/2 
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1.  Core  Flameholder 

2.  Cere  Fuel  Injector 

3.  Annular  Pilot  Burner 

4.  Pilot  Fuel  Injector 

5.  Pilot  Veporiger 

6.  Bypass  Flameholdor 

7.  Hot  Air  Shroud 

8.  Bypass  Fuel  injector 

9.  Jqj  Pipe 

10.  Screech  Shield 

1 1.  Nozzle 


FIG  8  THE  MIX/BURN  AFTERBURNER 


stream  velocity,  temperature  or  vitiation  on  buzz 
onset  was  obtained,  nor  were  the  effects  of  pipe 
acoustics  investigated  Nevertheless  the  results 
help  to  explain  why  bu22  has  seldom  been  reported  in 
turbojet  afterburners  but  seems  to  be  a  common 
feature  of  turbofan  systems  In  turbojet 

afterburners  It  Is  a  relatively  simple  matter  to 
achieve  &  uniform  fuel  Distribution  at  the 
fiameholdars  and,  even  in  a  very  high  boost  system, 
it  fa  never  necessary  to  fuel  beyond  a  mean  or  local 
stoichiometric  level  Thus  it  Is  only  In  the  event 
of  a  fuel  control  system  failure,  such  as  describod 
earlier.  that  local  fuel  air  ratios  rise  to  anything 
like  buzz  provoking  levels  In  normal  circumstances 
turbojet  afterburners  operate  within  #  50%  margin,  at 
least  of  buzz  Hruvox<rig  fuel  air  ratios  The 

situation  Is  quite  different  in  a  mixed  turbofan 
where,  because  of  the  lower  inlet  gas  temperature, 
afterburner  fuelling  levels  can  bo  30%  to  40%  higher 
than  a  turbojet  of  the  same  total  air  flow 
Meanwhile  the  vitiation  of  the  turbine  exhaust  stream 
is  15%~20%  higher  than  that  of  a  turbojet  of  the  same 
turbine  exit  temperature  (the  extra  representing  the 
work  extracted  to  drive  the  outer  fan).  Local  fuel 


and  fuel  air  ratio  concentrations  are  therefore  much 
higher  in  turbofan  systems  than  m  turbojets  and  any 
failure  to  distribute  the  afterburner  fuel  in  strict 
accordance  to  the  local  stream  requirements  can 
instigate  buzz. 

THE  MIX/BURN  AFTERBURNER 

As  first  specified.  the  two  main  requirements  of 
the  mix/burn  afterburner  were  that  it  should  deliver 
veiy  high  thrust  boosts,  of  the  order  of  75%  at  take 
off,  and  that  it  should  do  so  in  an  extremely 
confined  geometry  (figure  8)  The  length  allowed 
between  the  turbine  and  the  throat  of  the  variable 
nozzle  was  approximately  1 75m  The  pipe  diameter 
allowed  at  the  afterburner  inlet  station  was  fairly 
generous  so  that,  although  the  gas  velocities  at  this 
station  vary  considerably  as  the  engine  bypass  ratio 
adjusts  with  the  prevailing  flight  condition  and  tDNA 
value,  they  are  never  high  enough  to  jeopardise  the 
burning  stability  of  the  fiameholders  within  the 
required  flight  envelope  of  the  system  Shortly 
downstream  ot  the  fiameholders,  however,  it  was 
necessary  to  taper  the  Jet  pipe  very  stoeply  in  order 


FIG  9  THE  MIX/BURN  AFTERBURNER 
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to  accommodate  the  nozzle  actuation  system  and  a 
thrust  rovers©.'  between  the  jet  pipe  and  the  boat 
tail  lines  of  the  aircraft.  The  effect  of  the  pipe 
taper  la  o?  course,  to  increase  the  internal  gas 

velocities  relative  to  the  cylindrical  pipe  case  and, 
since  all  gas  stream  heating  generates  total  pressure 
fosses  which  increase  with  stream  velocity,  the 

eventual  consequence  Is  a  significant  loss  in  the 
afterburner  boost  for  a  fixed  nozzle  gas  temperature. 
To  compensate  for  this  the  afterburner  must  be 

designed  and  developed  either  to  complete  its  burning 
relatively  early  in  the  tapered  pipe  or  to  achieve  a 
correspondingly  higher  nozzle  temperature  In  either 
ccsa  the  tapered  pipe  increases  the  difficulty  of 

meeting  the  afterburner  objectives. 

It  has  already  beei  explained  that,  because  of 

previous  experience  of  afterburners  wmch  were 

designed  to  encourago  vigorous  mixing  between  the 
bypass  and  turbine  gas  streams,  a  principle  objective 
of  the  mix/burn  system  was  to  discourage  large  scale 
movements  of  either  stream  across  the  jet  pipe.  To 
achieve  this  the  mix/burn  system  was  designed  as  two 

separate  systems  Intended  to  operate  more  or  less 

independently  of  each  other.  This  allowed  each 
system  to  be  arranged  to  rult  the  conditions  of  Its 
own  gas  stream,  and.  in  the  case  of  the  turbine 
stream,  for  a  simple  turbojet  afterburner  to  be 
adopted,  similar  to  that  of  me  Olympus  22P.  engine. 

in  the  mlx/buin  system  (Figures  8  end  S)  It  features 
two  concentric  and  inter-connected  annular  vee-shapad 
baffles  each  fuelled  by  an  upstream  channel-envi; 
fuel  Injector.  Flamehoiders  ana  injectors  are 
separately  link-mounted  to  an  enclosing  outer 
cylinder  tc  allow  unrestricted  and  independent 
iheimdl  expansion  of  the  various  rings  and  the  whole 
assembly  is  located  within  the  engine  exhaust 
annulus  The  geometric  details  of  the  system  are 
chosen  to  ensure  clean  aerodynamics  throughout  the 
system  with  accurate  alignment  of  the  fuel  injectors 
with  the  flamehoiders.  An  overriding  requirement  of 
the  system  was  to  avoid  afterburner  buzz  within  the 
operational  range  of  afterburner  fuel  flows  and  the 
buzz  avoidance  rules  explained  above  were  used  to 
achieve  this  effect 

For  the  bypass  svstem.  s  cold  stream  burner  was 
obviously  requlu  J  and  the  usual  Rolls-Royce 
combination  of  wake-fuelled  flamehoiders  and  coplanar 
•fill*  or  main  fuel  Injector  was  adopted  The 
flameholder  arrangement  is  of  an  annular  voe-shapad 
baffle  from  which  radial  baffles  extend  across  the 
bypass  stream  vaporiser  fuei  injeuiuis  provided 

at  each  intersection  of  the  radial  and  annular 
baffles  (Figure  10). 


Although  the  bypass  and  turbine  stream  afterburners 
of  the  mix/burn  system  are  intended  to  operate 
independently  of  each  other,  nevertheless  the  close 
proximity  of  the  hot  turbine  stream  is  used  to  aid 
burning  stability  in  the  bypass  stream  where  the 
temperature  can  fall  as  low  as  30Q  K  at  extremes  of 
the  flight  envelope.  To  achieve  this,  a  small 
proportion  of  the  hot  gases  is  collected  ahead  of  the 
turbine  stream  flamehoiders  (Figure  10)  and  ducted  to 
feed  the  bypass  stream  vaporisers  and.  mdeea  to 
enshroud  the  whole  of  the  bypass  flameholder  system 
so  that  Its  wake  flame  is  fed  wholly  and  only  with 
hot  turbine  stream  gases.  This  has  the  effect  of 
giving  the  whole  of  the  mix/burn  afterburner  the 
burning  stability  characteristics  of  a  turbojet 
afterburner  as  well  as  providing  consideraole 
assistance  to  the  propagation  of  the  mam  burning 
across  the  cold  bypass  stream. 

Early  experience  of  the  vaporiser  fuel  injection  used 
In  the  bypass  afterburner  was  net  encouraging  until 
It  was  realised  that  the  wake  system  behind  the  array 
of  interconnected  annular  and  radial  baffles  was 
divided  Into  quite  distinct  flow  zones  with  no 
guaranteed  Interchange  or  gases  between  them.  Before 
this  was  established  it  was  assumed  that  the  whole  of 
the  wake  region  was  effectively  a  single  zone  subject 
to  vigorous  and  random  cross-movement  of  gases. 
Accordingly,  the  pilot  fuel  was  Jed  into  the  wakes 
through  "mushroom  vaporisars*  (Figure  11)  in  o  fairly 
&>mple  fashion. 

Subsequently  these  were  replaced  by  L~  shaped 

vaporisers  with  various  provision-  to  ensure  that  all 
parts  of  the  wake  system  wore  adequately  fuelled. 
One  such  feature  I*;  an  Internal  baffle  which  divides 
the  vaporiser  air  flow  between  inner  feed  holes  to 
the  annular  baffle  and  outer  feed  holes  to  the  radial 
baffles  The  total  airflow  throuQh  the  vaporiser  is 

metered  by  an  Internal  orifice  ahead  of  the  baffle 

The  fuel  flow  is  Injected  just  downstream  of  the 
metering  orifice,  where  the  gas  velocities  are  at 
their  highest,  and  equal  quantities  of  fuel  are 

directed  to  either  side  of  the  vaporiser  baffle  Th© 
fuel  air  mixture  Is  finally  ejected  from  the 
vaporiser  through  a  system  of  small  holes  located  to 
feed  the  wake  of  the  annular  baffle  and  various  zones 
of  the  radial  baffle  wake.  without  the  separate 
feeds  to  the  wake  zones  a  full  wake  flame  could  not 
ba  guaranteed. 

For  the  main  bypass  fuel  Injectors,  an  army  of  six 

■  an  aptayoia.  imiiv  nuny  opwi  jiviw  ui  lauiw 

battles,  was  eventually  adopted  (Figure  10).  The 
number  and  disposition  of  these  Injectors  were 


FIG  10  THE  MIX/BURN  AFTERBURNER 
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Mushroom  Vaporiser  L-Shaped  Vaporiser 


FIG  11  THE  PILOT  BURNER  FUEL  INJECTION 

developed  on  a  sector  burning  rig  reproducing  a 
section  of  the  annular  baffle  and  two  radial  baffles 
In  general  it  was  found  that  a  configuration  which  is 
conducive  to  high  heat  release  and  combustion 
efficiency  Is  also  relatively  prone  to  buzz,  whilst, 
for  instance,  if  the  fuel  injectors  are  located 
Sufficiently  far  from  the  fiameholders  then  both  the 
efficiency  and  the  pronenoss  to  buzz  is  reduced  An 
advantage  of  coplanar  fuel  injection  Is  that  it 
allows  the  placemen*  of  the  main  fuel  to  be 
relatively  accurately  optimised  to  achieve  the  best 
possible  compromise  between  heat  release,  efficiency 
and  buzz. 

The  fanspray  fuol  injector  was  chosen  because  it 
proved  to  bo  the  best  of  several  fuel  niiectors  which 
were  evaluated  The  tan  sprayers  were  crigmai'y 
developed  for  use  in  the  ’plenum  chamber  burner',  to 
augment  the  front  nozzle  thrust  of  the  Pegasus 
engine  They  are  an  adaptation  of  the  swallow  tail 
gas  jet  and,  when  employed  for  liquid  fuel  injection, 
they  produce  a  fan  shaped,  thin  sheet  of  fuel  which 
quickly  disrupts  Into  a  spray  of  fine  droplets. 

FUEL  STAG1NC 

To  achieve  the  very  fast  selections  and 
accelerations  required  of  the  mix/burn  afterburner  a 
relatively  simple,  two  stage  fuel  feod  system  was 
employed.  Ths  first  stsgo  supplies  fuel  to  the  pilot 
baffie  only  and  the  second  stage  provioes  tne  rest, 
that  Is  to  the  turbine  stream  channel  anvil  fuel 
injectors  and  to  the  bypass  stream  fan  spray  fuel 
injectors.  The  pilot  fuel  is  not  modulated  with  the 
pilot's  lever  but.  on  afterburner  selection.  is 
metered  as  a  fixed  function  of  the  prevailing  turbine 
stream  air  flow  to  establish  a  constant  fuel  air 
ratio  in  the  afterburner  gutter  wakes.  The  main  fuel 
modulates  with  the  pilot's  lever  from  a  minimum  flow, 
which  is  set  to  just  keep  the  manifolds  full  of  fuel 
agBlnst  the  natural  drainage,  to  maximum  flow  which, 
over  large  pans  of  the  flight  envelope,  gives 
approximately  stoichiometric  nozzle  gas  temperatures 
This  arrangement  ensures  that  all  afterburner 
accelerations  can  proceed  without  the  hesitations 
which  would  Inevitably  result  if  th<  f  began  with  any 
paits  of  the  fuel  injection  system  vet  to  be  filled. 
The  division  of  the  main  fuel  injection  stage  between 
the  turbine  and  bypass  gas  streams  is  not.  of  course, 
fixed  but  varies  with  the  engine  bypass  ratio  around 
the  aircraft  flight  envelope. 

AFTERBURNER  SELECTION  AND  IGNITION 

The  previous  section  describes  how.  once  selected, 
eti  psrts  of  the  fuel  Injection  system  remain  full 
and  in  operation  whatever  the  degree  of  afterburning 
selected  by  the  pilot.  Thu  requirements  of  the 
selection  procedure  are  to  fill  the  fuel  injection 


system,  to  establish  the  minimum  afterburner  flows 
described  above,  to  open  the  nozzle  to  the  matching 
area  and,  finally,  to  light  the  system 

In  a  turbofan  engine  there  is  diruct  communication 
between  the  afterburner  and  the  fan  by  way  of  the 
bypass  duct  so  that  any  mismatch  of  the  afterburner 
fuel  with  the  nozzle  area  setting  is  immediately  telt 

by  the  fan,  whose  running  line  rises  or  falls 

depending  on  the  direction  of  tne  mismatch 
Afterburner  light  ups  inevitably  involve  a  degree  of 
mismatch  since  ignition  is  always  instantaneous  and 
much  too  fast  for  ony  practicable  no2zle  actuation 
system  to  follow  The  offect  of  the  light  up  is,  of 
course,  to  thermally  throttle  the  fan  flow  ano  to 
raise  its  running  line  towards  surge  To  compensate 
for  this  effect  and  to  eliminate  any  possibility  of 

fan  surge  on  afterburner  light  up.  the  nozzle  of  the 
mix/burn  afterburner  is  pro-opened  to  its  minimum 
boost  area  before  the  fuel  is  ignited  The  fan 
rui  ning  point  therefore  tolls  on  afterburner 

selection  but  Is  immediate'y  restored  when  the 
afterburner  lights. 


The  manifold  filling  procedures  in  the  mix/burn 
system  is  In  two  phases  -  a  fast  prime'  phase  which 

nearly  fills  the  fuel  system  very  quickly  and  a  slow 

prime  stage  whnh  completes  the  process  These 
arrariSriVisnts  sr»5uro  t"fii  >ii5.  r»vsi'  reaCnes  >"» 

burning  zones  at  rest  prime  rates  which,  once  again, 
could  over  restore  and,  perhaps  surge  the  fan. 

Ignition  in  the  mix/burn  afterburner  is  by  hot 

streak’  in  which  a  small  quantity  of  fuel  is  injected 
into  the  main  combustor  and  briefly  generates  a  flame 
through  the  turbine  which  is  long  enough  to  ignite 
the  afterburner  tjel  Experience  of  hot  streak 
Ignition  m  early  gas  turbine  engines  was  not  always 
satisfactory,  especially  when  large  quantities  of 
fuel  were  injected  slowly  into  the  primary  zone  of 
the  main  combustor.  Not  surprisingly  these  measures 
could  severely  damage  the  turbine  Modern  practise 
is  to  I'Nect  the  fuel  at  the  downstream  end  of  the 
combustor  towards  the  turbine  and  to  use  very  small 
quantities  (Figure  12).  With  these  provisions,  the 
system  is  safe  and  extremely  reliable. 
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TWIN  OPEN  LOOP  CONTROL  OF  THE  AFTER¬ 
BURNER  FUEL  AND  NOZZLE 

Thg  afterburner  selection  times  specified  for  the 
mJx/burn  afterburner  were  fell,  when  the  System  was 
designed,  so  be  too  fast  to  allow  automatic  'closed 
loop  control  of  tne  nozzle  to  match  the  fuel 
modulations  In  closed  loop  control,  whenever  the 
afterburner  fuel  Is  modulated  an  error  signal  from 
the  engine,  for  instance  ir  the  turbine  pressure 
ratio.  Is  used  to  vary  the  nozzle  area  in  such  a  way 
as  to  restore  the  engine  lurbomachinery  to  the 
required  running  line  The  responses  In  such  a 
system  are  inevitably  time  consuming  and  hence  limit 
the  rate  at  which  the  fuel  flow  can  be  modulated  To 
avoid  these  delays  In  the  mix/burn  afterburner,  the 
fuel  flow  and  nozzle  area  are  separately  controlled 
to  pr«-sch«duied  values  which  suit  the  prevailing 
flight  end  engine  running  conditions  and  give  the 
degree  of  boost  selected  by  the  pilot. 

The  chief  ramification  of  twin  open  loop  control  for 
the  afterburner  system  results  from  rhe  fact  that  the 
schedules  and  control  system  sequences  must  be  chosen 
to  ensure  the*  schedule  errors  and  mismatches  which 
Inevitably  occur  during  the  fast  transients  are 
always  safe  and  tend  to  lower  the  fan  running  line 
rather  than  raise  it  towards  surge  The  resulting 
high  EDNA  values  increase  the  engine  bypass  redo  and 
the  gas  velocities  through  the  afterburner  and  both 
of  these  effects  tend  to  degrade  the  afterburner 
performance  and  reduce  its  burning  stability. 


terms  of  durability,  weight,  completion  and  so  on. 
The  mix/burn  afterburner  uses  simple  cylindrical 
sections  which  are  conventionally  film  cooled.  The 
cooling  rings  provide  the  stiffness  required  ta 
withstand  eny  pressure  loads  which  the  neat  shield 
may  experience,  including  afterburner  flame  out 
ccsec.  They  are  comparatively  heavy  In  themselves 
but  allow  a  simple  and  light  mounting  system  of  bolts 
and  radial  pins  which  are  attached  to  the  let  pipe 
and  locate  in  hoiej  and  slots  in  the  heat  shield 
sections 

The  forward  section  of  the  heat  shield  is  perforated 
tn  provide  acoustic  suppression  of  the  high 
frequency.  crocs  stream  pressure  oscillations 
(screech)  to  which  all  high  boost  afterburner  systems 


comparative  performance 

The  performance  Of  The  three  afterburner  systems 
described  in  provious  sections  is  compared  in  Figures 
14-17.  Figure  14  shows  the  burning  Stability  in 
terms  of  the  excess  nozzle  area  or  FDNA  value  which 
the  afterburners  can  withstand  without  extinction 
versus  the  prevailing  jet  pipe  pressure  The  plot 
Indicates  not  only  steady  burning  stability  but  also 
The  extreme  conditions  at  which  the  afterburner  can 
be  'handled',  that  is  selected  or  turned  up  or  down 
without  risk  of  extinction,  since  it  is  during 
handling  that  high  EDNA  values  are  experienced. 


The  full  sequence  of  afterburner  selection  and 
acceleration  procedures  are  shown  in  Figure  13. 
Originally  it  was  intended  that  the  selection  wouid 
not  proceed  beyond  light  up  without  a  positive 
Indication  from  a  u/v  flame  detector  but  this  has  not 
proved  to  be  a  necessary  feature.  However  .  if  the 
engine  running  line.  as  indicated  by  the  turbine 
pressure  ratio,  should  deviate  too  far  from  normal, 
then  the  selection  is  terminated  and  the  system  Is 
shut  down. 
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FIG  14  BURNER  STABILITY 
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FIG  13  THE  LIGHT-UP  SEQUENCE 
JET  PfPE  AND  HEAT  SHIELD 

The  jet  pipe  of  the  mix/burn  afterburner  is  a 
titanium  fabrication  and  is  protected  from  the 
afterburner  flames  by  a  two  piece  heat  shield  which 
Is  fabricated  in  a  heat  resistant  nickel  based  alloy. 
Design  of  the  heat  shield  Is  Inherently  more 
difficult  than  that  of  the  /at  pipe  which  is 
essentially  a  coo!  running,  fairly  simple  pressure 
drum.  Against  this,  the  heat  shield  not  only 
operates  much  hotter  than  the  jet  pipe,  and  must  ha 
mounted  from  it  by  means  which  aliew  differential 
expansions  between  them,  it  also  has  to  withstand 
pressure  loads  which  var/  with  flight  conditions  and 
the  degree  of  eftnrburning  selected  and  which  switch 
from  OtyMtive  to  Implosive  along  its  length. 

Many  systems  have  bean  devised  to  accommodate  these 
circumstances  with  varying  degrees  of  success  In 


Unexpectedly  the  superiority  of  the  mix/burn 
afterburner  diminishes  with  reducing  pressure 
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possibly  indicating  that.  even  with  the  assistance 
from  the  hot  stream  provided  by  the  mix/burn 
afterburner  the  contribution  of  the  bypass  stream 
burner  to  high  altitude  boost  and  burning  stabl'ity 
reduces  at  very  low  pressures 

Figures  15  and  1t>  sliow  how  the  highest  fuel  air 
ratios  a  t  which  the  three  afterburners  can  be 
operated  end  their  peak  efnciencies  are  affected  by 
Jet  pipe  pressure  lr.  ail  cases  the  effects  are 
increasingly  important  as  pressure  reduces  below  2 
atmosphere^  but  the  mix/burn  system  is  easily  the 
least  sensitive  to  pressure  and  maintains  its 
performance  to  much  lower  levels  then  the  other 
systems. 
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FIG  16  AFTERBURNER  EFFICIENCY 


Figure  17  shows  the  bur*  characteristics  of  the  three 
afterburners  and  illustrates  the  increasing  degree  of 
control  exerted  over  the  fuel  placement  within  the 
Successive  systems  In  the  irux/purn  system,  the  two 
types  of  buzz  which  can  be  provoked  depending  on 
whether  the  bypass  or  the  core  gas  stream  is  over 
fuelled  are  particularly  distinct  The  fuel  air 

ratio  at  which  each  stream  is  provoked  into  buzz  is 
virtually  independent  of  the  fuei  supplied  to  the 
other  stream  indicating  the  absence  of  any  exchange 
of  fuel  between  rhe  two  Clearly  tins  does  not  apply 
to  tho  other  systems  where  cross -stream  movements  of 
fuel  or  gas  add  to  the  buzz  proneness  of  both  streams 
and  lower  the  total  fuel  air  ratio  at  which  buzz  tree 
operation  is  possible. 


FIG  17  AFTERBURNER  BUZZ  CHARACTERISTICS 


The  buzz  fuel  air  ratios  of  the  mix/burn  system  are 
well  in  excess  of  the  maximum  levels  required  for 
steady  operation  of  the  afterburner  and  allow 
considerable  excursions  above  these  level?  during  the 
fast  accelerations  demanded  of  the  system 


However,  none  of  the  alternative  materials  match  the 
comparative  ease  of  manufacture  and  flexibility  of 
application  of  the  high  duty  metal  alloys  they  ere 
intended  to  replace  and  most  have  serious  Incidental 
defects  for  instance  in  their  oxidation  resistance  or 
high  temperature  strengths.  As  a  result  both  the 
type  and  form  of  the  material  employed  must  be 
selected  and  developed  to  suit  its  precise 
application  whilst  the  manner  m  which  the  item 
achieves  Its  aerodynamic  or  thermodynamic  function 
must  usually  be  adjusted  either  to  protect  the 
material  or  to  secure  maximum  advantage  from  its 
improved  properties. 
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Abstract 


Combustor  development  testing  is  usually  carried  out  under  different  pressure  con¬ 
ditions;  low-pressure  burning  teste  for  the  optimization  of  the  fuel  distribution 
inside  the  combustor  and  high-pressure  tests  for  demonstrating  the  desired 
performance. 

Comparison  of  the  results  under  these  two  test  conditions  often  reveals  discrep¬ 
ancies,  especially  in  wall  temperatures  and  exit  temperature  patterns,  which  cannot 
bs  attributed  simply  to  the  greater  flame  radiation  and  heat-release  rate  associated 
with  the  tests  at  high  pressure.  Another  cause,  in  particular,  lies  in  dilferenecs  in 
the  fuel  distribution  in  the  primary  zone  as  a  function  of  pressure  conditions.  This 
phenomenon  will  be  demonstrated  by  measurements  and  3D  2- phase  flow-field  calcu¬ 
lations. 


Nomenclature 

FAR 

P  bar 

SMD  um 


X  mm 

Int  roduction 


Fuel-air  ratio 
Pressure 

Sauter  mean  diameter 
Combustor  inlet  temperature 
Average  temperature 

Axial  distance  between  nozzle  outlet  and  calculation  plane 


Reverse-flow  combustion  chambers  contribute  to  the  compactness  of  a  gas-turbine 
engine  because  they  can  be  inr,t ailed  outside  of  the  turbine.  However,  this  advantage 
is  offset  by  a  number  of  disadvantages. 

The  large  diameter  of  the  combustion  chamber  results  in  a  large  flame-tube  surface 
area  to  be  cooled.  Furthermore,  relatively  large  spacing  between  the  fuel  nozzles  is 
required,  because  the  number  of  nozzles  cannot  be  increased  at  will.  Consequently,  a 
fuel  injection  system  for  uniform  distribution  of  the  fuel  between  the  nozzles  is 
required. 

For  developing  such  a  system/  it  is  usual  to  conduct  tests  at  atmospheric  pressure, 
followed  by  testing  of  the  chosen  design  at  pressures  encountered  in  service. 

Experience  shows  that  the  knowledge  gained  from  testing  at  atmospheric  pressure  can 
be  applied  only  conditionally  as  far  as  the  operating  condition  is  concerned.  For 
instance,  the  atomization  properties  of  the  nozzles  vary  in  relation  to  the  air 
pressure,  regarding  both  the  atomization  of  the  fuel  /l,  2,  3/  and  the  distribution 
by  each  no2zie  / 4/.  Harked  increases  in  the  wall  temperatures  of  the  flame- tube  have 
also  been  observed  /3,  5/.  In  addition,  the  exit  gas  temperature  patterns  are  differ¬ 
ent  at  tic  higher  service  pressure  /6/. 

Some  of  the  effects  of  an  increase  in  the  operating  pressur*  are  explained  below  with 
the  aid  of  tests  and  fljw-field  calculations.  Because  th?  pcffci bi litifcs  for  conduct¬ 
ing  tests  ct  elevated  pressure  ar~  limited,  in  each  case,  the  mcasurt  fient s  at  atmos¬ 
pheric  pressure  are  compared  with  calculations  at  a  pressuts  of  1  Lar,  allowing  the 
results  to  bn  checked  qualitatively.  The  influence  of  pressure  if  then  extiapolated 
analytically . 

Testing 

The  experimental  reverse-flow  combustor  is  illustiited  in  figure  1.  It  is  provided 
with  13  air-blast  atomizer  nozzler,  where  each.  :.ozr’e  co'i.'h.-u  of  two  central otat  i.*y 
swirlers.  The  task  of  the  swiriers.  is  to  cieate  a  stabilizing  i  '-circular  i  c  n  flow  «ind 


high  turbulence,  as  well  as  to  atomize  the  fuel.  The  inner  and  outer  walls  of  the 
flame-tube  are  each  provided  with  two  rows  of  78  holes.  Jn  both  cases,  cooling  is 
effected  via  3  cooling  films.  Connected  to  the  flame-tube  is  a  similarly-cooled 
exhaust  bench. 

The  combustor  was  tested  under  various  cor 'itions  up  to  the  design  values  (p  «  13  bar, 
T.,  -  670  K,  FAR  -  .026).  To  allow  comparison  with  the  3D  flow-field  calculations, 
measurements  had  also  to  be  made  in  the  middle  of  the  flame-tube.  In  this  case,  to  be 
able  to  accomodate  all  probes,  testing  had  to  be  carried  out  without  the  exhaust- 
bench  and  only  at  atmospheric  pressure. 

The  set-up  foi  this  test  is  illustrated  in  figure  2.  Gas  measurements  to  determine 
the  local  FAR  were  possible  in  any  plane  with  a  single  probe.  It  was  also  possible  to 
scan  the  temperature  distribution  at  the  end  of  the  flame-tube  by  means  of  a  thermo¬ 
couple  probe. 

The  flow-field  within  the  flame-tube  was  assessed  by  water-simulation  tests,  in  which 
the  flame-tube  was  represented  as  a  90°  sector  to  the  scale  of  2:1  in  plexiglass.  The 
flow  pattern  was  recorded  at  various  meridional  light-section  planes  with  a  video 
camera. 

Acrothermaj.  model 

The  code  used  to  calculate  the  flow-field  and  the  temperature-field  of  the  combustor 
is  the  NKEC  adaptation  /7/  of  an  AiRccearcn  code. 

INTERN  is  a  three-dimensional  finite-difference  code  capable  of  solving  the  elliptic 
partial  differential  equations  for  the  conservation  of  mass,  momentum,  energy  and 
chemical  species.  It  applies  to  both  laminar  and  turbulent,  two-phase  or  single¬ 
phase,  steady  reacting  flows.  It  employs  a  k-t  two  equation  model  foi  turbulence,  a 
two-step  shem 4 cal  kinet  .c  model  for  heat  release,  an  option  of  a  Lagrangian  or  an 
Eulerian  model  for  fuel  droplet  transport,  and  an  eddy  break-up  model  for  the  effects 
turbulence  has  on  reaction  rates.  Its  numerical  approach  uses  an  implicit,  upwind 
differencing  scheme.  The  rate  of  convergence  of  the  iterative  solution  procedure  has 
been  enhanced  by  the  incorporation  of  a  cyclic  tridiagonal  matrix  algorithm  into  the 
code. 

The  calculation  grid  consists  of  41  x  33  x  27  lines  in  a  cylindrical  coordinate 
system  with  24,138  grid-points  in  the  calculation  field  (figure  3).  The  flame-tube 
walls  are  approximated  in  stair-step  boundaries.  The  calculation  time  was  approxi¬ 
mately  1-5  h^urs  CPU  time  using  an  IBM  computer.  The  calculations  were  made  in 
different,  blocks,  verifying  the  convergence  and  varying  the  relaxation  factors  and/or 
adapting  the  solution  strategy  to  the  given  requirements  in  each  case. 

The  boundary  condition  at  the  nozzle  outlet  j.s  represented  in  figure  4.  The 
circumferential  component  of  the  velocity  is  established  with  the  aid  of  the  nozzle 
swirl  parameter  under  the  assumption  of  a  forced  vortex/  whilst  the  radial  component 
is  determined  in  accordance  with  the  nozzle  discharge-opening  contour.  The  axial  com¬ 
ponent  is  calculated  from  the  mass  flow  as  a  plug-flow  profile. 

To  introduce  the  liquid  fuel,  the  fuel  film  at  the  atomization  edge  is  split  into  10 
spray-cone  rays  with  each  ray  consisting  of  r>  different  droplet  size  rai.yt-b.  The 
dropiet  distributions  wore  taken  from  !M  .  The  individual  fuel -rone  rays  are  added  to 
the  airf low-f ield  at  a  spray  angle  of  50°  at  low  initial  velocity. 

The  dilution  air  flows  in  perpendicular  to  the  wall. 

Results  and  discussion 

Flow-field  ir.  the  combustor 

For  the  qualitative  assessment  oi  the  calculated  flow-field  in  the  combustor,  ample 
results  from  water-e imulat ion  tests  are  available.  The  main  flow  pattern  is  repre¬ 
sented  in  figures  S  end  6.  In  contrast  to  the  calculated  flow-field,  the  arrows  serve 
simply  to  thow  the  direction  of  fjow  and  are  noi  c.n  indication  of  the  flow-velocity 
level . 

figure  5  shows  th*=*  calculated  and  the  measure’  How-field  in  meridional  section 
through  the  swirler-  Qualitatively,  vhe  measured  fJov-fiald  corresponds  with  the 
calculated  field.  In  both  oases  the  swirling  air  leaves  the  nozzle  radially  without 
pen**  ion-  The  otrcr.g  swirl  at.ea  a  typicaJ  recirculation  vortex,  which  is 

limited  by  tr.e  dilution  air  oureamirg  through  ti«e  first  row  of  holes.  In  the 
measurement ,  smallish  unsteady  vortex  areas  v^re  observed  in  tn«_  recj  rcu.Htion  zone, 
which  are  represented  in  the  calculation  by  a  singli  larger  voi  te.v-,  Lecauk  '  the 
calculation  procedure  is  not  capable  cx  recording  ttanuitcry  effects. 

The  measured  meridional  section  between  the  nozfc let.  ir.  compared  with  the  calculation 
in  figure  6.  In  this  aiea  the  recirculation  vortices  ot  two  adjacent  nozzles  meet, 
creating  an  axial  flow  over  the  whole  cross -section .  At  this  level  -t t . -  measured  flow 
pattern  likewise  shows  good  coj respond cnee  with  th«  calculation .  Areat  of  sepo ration 
form  downstream  of  the  jei«  of  dilution  air,  cun  be  tequiied  bath  in  the  measurement 
and  the  calculation. 
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Fuel  distribution 

The  course  of  the  fuel  droplets  iron,  the  spruy-point  to  complete  evaporation  can  bo 
seen  in  figure  7,  in  which  al3  trajectories  are  shown  in  projection  at  the  plane  of 
the  nozzle.  At  a  pressure  of  1  bar  the  calculated  spray-cone  trajectory  remains 
more-or-less  within  the  set  angle  of  9t°  for  a  distance  of  approximately  10  mm  in  the 
axial  direction#  whereas  at  13  bar  pressure  a  marked  radial  deviation  occurs  (fig¬ 
ure  7} .  Despite  the  length  of  the  trajectories,  it  should  be  understood  that  the 
major  part  of  the  fuel  is  already  evaporated  a  long  way  from  the  end  of  the  trajec¬ 
tory. 

The  greater  expansion  of  the  spray-cone  at  elevated  pressure  was  also  observed  in 
measurements  made  in  the  atomization  experiments  /4 /.  In  the  present  model  tests  ao 
well  at»  the  teste  acc.  to  ref.  1 4/,  this  expansion  may  be  attributable  to  the  greater 
aerodynamic  forces  and  the  smaller  fuel  droplets. 

The  influence  of  pressure  on  the  amount  of  fuel  evaporated  at  one  axial  position 
downstream  of  the  nozzle  15  shown  in  figure  8 .  The  calculation  at  atmospheric 
pressure  (figure  Ba)  xeveals  a  fuel-rich  area  at  the  nozzle  and  at  the  uector  edges. 
In  contract,  at  13  bar  the  distribution  of  the  evaporated  fuel  is  much  more 
homogeneous  at  the  same  axial  position  at  a  level  generally  more  rich  in  fuel 
(figure  8b).  This  fuel-rich  homogeneous  mixture  results  from  the  more  rapid 
evaporation  that  occurs  at  13  bar  because  of  the  smaller  droplets.  In  addition,  even 
if  only  to  a  slight  extent,  the  wider  spray  angle  also  contributes  to  the  homogeneity 
of  the  primary  zone. 

The  measured  FAR  distribution  at  the  end  of  the  primary  zone  at  atmospheric  condition 
is  comparer  with  the  corresponding  calculation  in  figure  9.  Qualitatively,  the 
measured  FAR  distribution  (figure  9a)  shows  good  agreement  with  the  calculated  values 
(fig  .re  9b!  .  Both  the  relatively  weak  region  in  the  right-hand  half  of  the  sector  and 
the  area  more  rich  in  fuel  in  the  left-hand  half  are  represented.  Admittedly,  the 
absolute  values  differ  markedly  from  one  another.  This  is  attributable  essentially  to 
the  very  simplified  reaction  model,  which  does  not  simulate  the  many  intermediate 
products  still  present  in  the  primary  zone.  Nevertheless,  the  qualitatively  satis¬ 
factory  correspondence  indicates  that  the  flow-field  in  the  primary  zone  has  been 
calculated  realistically. 

Apart  from  tha  spray-angle,  one  of  the  main  influences  on  the  homegeneity  of  the 
primary  zone  is  the  droplet-size  distribution  in  connection  with  a  favourable  air¬ 
flow-field- 

Gas  temperature 

In  figure  10  the  isotherms  measured  at  the  flame-tube  outlet  under  atmospheric  con¬ 
ditions  are  compared  with  the  calculated  values. 

The  measured  isotherm-fieled  has  hot  spots  at  the  sector  edges  and  a  relatively  cool 
area  in  the  centre.  These  hot  sector  edges  are  caused  by  the  fuel-enr ioned  swirl er 
a^r,  which  flows  radially  outward  from  the  swirler  and  is  then  deflected  rearward  in 
the  axial  direction  by  the  impingement  of  the  flows  from  the  two  neighbouring 
swirlers.  The  fuel  reacts  during  this  axial  movement,  whilst  cooler,  leaner  flows 
predominate  in  the  sector  centre.  Qualitatively,  there  is  good  correspondence  between 
the  measurement  and  the  calculation. 

II  one  looks  at  figure  10  closely  it  becomes  apparent  that  the  left-hand  hot  region 
is  considerably  more  extensive  than  the  right-hand  one.  The  cooler  sector  centre 
appears  to  bo  slightly  twisted,  and  this  twist,  where  a  symmetrical  isothermal-field 
was  expected#  also  shows  in  the  calculation.  It  is  caused  by  a  slight  swirx  about  the 
combustor  axis  in  the  primary  zone  as  a  result  of  the  bend  in  the  duct.  The  occur¬ 
rence  of  this  secondary  swirl  is  clearly  recognizable  in  the  flow-field  of  the  axial 
plane  directly  at  the  nozzle  outlet  (figu  e  11).  The  flow  from  the  nozzle-swirl  area 
is  favoured  by  the  annulus  Wi.ll,  curved  i..  the  direction  of  swirl.  On  the  other  side 
of  the  swirler  this  bend  acts  against  the  swirl  flow.  Consequently,  the  swirl,  which 
is  eccentric  in  relation  to  the  flame-tube  axis,  has  a  swirl  superimposed  upon  it 
that  is  slightly  centric  to  the  axis. 

This  twist  also  causes  the  shift  in  the  lean  region  of  the  FAR  distribution  at  the 
end  of  the  primary  zone, 

Qualitatively ,  the  differences  between  the  1  bar  and  13  bar  ieocherm-f teles  ere  only 
insignificant  - 

The  tadial  temperature  distribution  at  the  end  of  the  f lame- tube  is  plotted  in  fi¬ 
gure  12.  The  measurer1  temperature  distribution  under  atm uepneric  conditions  (fi¬ 
gure  13)  con espunds  sat j s factor  ly  with  the  calculation  with  the  exception  of  a 
maximum  necr  the  duct  wall.  This  t< npcratuie  maximum  i  e  attributable  partly  to  the 
fuel  distribution  in  the  primary  zone,  but  above  all  to  tht  addition  of  the  air  front 
the  2nd  row  ot  hoi<_  g,  not  fully  compensated  for  in  the  calculation. 

Although  thr.  fuel  distribution  in  the  primary  zone  changes  markedly  with  increase  in 
pressure,  the  ei feet  on  the  temperature  distribution  r.t  the  end  of  the  fierce -tube  is 
insignificant . 
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Influence  of  pressure  on  the  wall  temperature 

A  known  cause  of  the  temperature  increase  at  the  flame-tube  wall  in  relation  to 
pressure  is  certainly  the  increased  gas  radiation.  Another  cause  is  to  be  found  in 
the  effect  of  fuel  treatment. 

In  figure  13#  the  calculated  gas  temperatures  at  a  pressure  of  1  bar  are  compared 
with  the  measured  wall  temperatures  in  the  atmospheric  tests.  The  wall  temperatures 
provide  only  qualitative  conclusions  about  the  temperature  of  the  gas  close  to  the 
wall#  becauae  they  ere  affected  by  both  the  two  sided  thermal  transfer  and  the  gas 
radiation. 

nevertheless#  in  figure  13#  both  the  calculation  and  measurement  exhibit  a  constant 
increase  i  \  the  temperature  as  far  as  the  sector  edge.  Around  the  nozzle#  the  tem¬ 
peratures  are  relatively  low. 

As  shown  in  figure  14,  a  pressure  of  13  bar  results  in  a  totally  different  behaviour - 
The  calculated  isotherm-field  in  figure  14  b  exhibits  relatively  high  gas  tempera¬ 
tures  already  close  to  the  swirler  outlet.  The  isotherms  are  concentric  to  the  swir- 
ler.  The  temperatures  increase  again  toward  the  sector  edge.  The  measurement  also 
indicates  very  high  wall  temperatures  at  the  swirler  outlet.  The  temperature  decrease 
toward  the  sector  edge  is  attributable  to  the  stronger  cooling  of  the  flame- tube 
between  the  swirlers. 

The  comparison  shows  that,  qualitatively#  the  wall-temperature  behaviour  is  as  would 
be  expected  with  the  given  gas- temperature  distribution. 

These  calculations  show  that,  in  addition  to  the  gas  radiation#  the  better  atom¬ 
ization  of  the  fuel  under  elevated  pressure  has  an  essential  effect  on  the  wall  tem¬ 
perature  in  the  primary  zone.  Furthermore#  the  larger  spray-angle  makes  for  a  more 
homogeneous  mixture  disti ibution .  Associated  with  the  higher  reaction  rates#  markedly 
higher  gas  temperatures  occur  in  the  vicinity  of  the  swirler  outlet. 

Conclusion 

The  influence  of  the  ai»‘  pressure  on  the  flow-  and  temperature-field  as  well  as  on 
the  wall  temperature  of  a  reverse-flow  combustion  chamber  is  investigated  with  the 
aid  of  both  experiments  and  a  3D  flow-field  program. 

Qualitatively#  the  calculated  flow-field  corresponds  well  with  the  field  known  from 
water-simulation  tests.  The  measured  outlet  temperature  profile  was  calculated  satis¬ 
factorily.  The  FAR  distribution  at  the- end  of  the  primary  zone  corresponds  qualitat¬ 
ively  with  the  measurements.  This  correspondence  is  almost  certainly  attributable  to 
the  realistic  calculation  of  the  flow-field.  It  is  qualitatively  shown  that  th« 
marjeed  increase  in  wall  temperature  under  elevat-id  pressure,  observed  in  the  experi¬ 
ments#  is  attributable  to  the  better  fuel  treatment  under  these  conditions  and  o  the 
larger  spray-angle.  Because  of  the  quicker  evaporation,  the  smaller  fuel  droplo.fi 
result  in  more  rapid  combustion  immediately  at  the  swirler  outlet.  Tn  association 
with  better  thermal  transfer  under  pressure  because  of  radiation#  this  may  well  be 
the  cause  of  the  higher  wall  tenperatures  observed. 

Despite  th.*  relatively  wide  grid  mesh  in  the  calculation  ni  the  flow-tield  and  the 
simplified  model  of  the  no2zlc  air  and  dilution  air  flew#  it  was  possible  to  explain 
the  phenomena  observed  in  the  experiments  with  the  aid  of  the  calculations. 

However,  further  development  oC  both  the  physical  mcdel  and  of  the  numerical  solution 
is  required  to  permit  .Tiore  reliable  determination  of  the  temperature  patterns  and  the 
gas  values. 
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Fig.  7:  Trajectoiiee  of  the  liquid  fuel 
up  to  complete  evaporation  at 
1  and  13  bar  air  pxac.su. re 
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b)  Calrsiletej  velocity  vector  plot 


Fig.  6:  Flo-'-fleld  in  the  axial  section 

between  *.:'0  noztlet*  in  tire  water- 
simulation  tests  end  the  calcu¬ 
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Fig.  8:  FAH  distribution  of  thp  evapo¬ 
rated  fuel  in  vhr  lnuedL.-te 
vicinity  of  the  noizle  exit 
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C)  Calculated 


Fig.  9 j  FAR  distribution  at  the  end  of 
the  primary  zone;  comparison 
between  measurement  and  cal¬ 
culation 


b)  Calculated.  p  =  1  bar 


c)  Calculated,  p  -  13  bar 


Fig.  10;  Isotherm-f ield  at  flame-tube 
exit  at  1  bar  air  pressure; 
comparison  between  measurement 
and  calculation 
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Fig.  12:  Averaged  temperature  profile  at 
the  flame-tube  exit;  comparison 
between  measurement  and  calculation 


a)  Measured  wall  temperature  [Kl.  p  •=  1  bar 
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Fig.  13:  Comparison  of  the  Isotherm-field 
df  thp  r-.i  i  ru  i  At  pit  gas  — flow  with 
the  measured  wall -temperature 
distributions  at  1  bar  air 
pressure 


Fig.  14:  Comparison  of  the  isotherm-f iel d 
of  the  calculated  ji?— fiov-'  i?ith 
the  measured  wall-temperature 
distributions  at  13  bar  air 
pressure 
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DISCUSSION 


G.Grienehe,  FR 

You  have  presented  a  good  prediction  ot  the  radial  temperature  profiles  at  the  flange  tube  exit.  Have  you  calculated  with 
your  aerothermal  model  the  evolution  of  this  profile  in  iltc  bend  from  the  flame  tube  exit  to  the  turbine  nozzic? 

Author's  Reply 

The  calculation  of  the  velocity  —  and  temperature  field  in  the  bend  isjust  going  on  with  a  two  dimensional  axis  symmetric 
model  with  body  fitted  coordinates.  First  comparison  shows  a  good  agreement  between  the  calculated  and  the  measured 
radial  temperature. 

The  measured  pattern  factor  of  these  lest  combustors  was  approximately  0.33  at  the  exit  of  the  tl.inie  tube  and  0.29  at  the 
exit  of  the  bend. 


L.Gstfedi,  IT 

With  reference  to  the  chemical  submodel  implemented  in  the  numerical  code,  you  mentioned  a  two  step  oveiall  -scheme. 
What  arc  the  chemical  species  and  the  kinetic  parameters  consideted/ 

Author’s  Reply 

The  chemical  reaction  scheme  of  the  cvapoiatcd  fuel  implemented  in  the  code  is: 

CH  H  +  802  -  SCO  +  HI  1 ,0 
2CO  +  0:  -  2CO> 

Hits  reaction  is  often  used  by  other  codes  too,  and  is  well  documented  in  Ref. 7. 
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FLOW  CHARACTEPUdTlCS  OF  A  MODEL  ANNULAR  COMBUSTOR 

}»y 

A  F  B1CEN,  Ji  TSE  AND  J  II  WHITELAW 

Imperial  Coliege  of  Science  and  Technology 
Fluids  Section 

Department  of  Mechanical  Engineering 
London  LW7  2BX  United  Kingdom 

ABSTRACT 

Measurements  are  reported  of  the  velocity  and  passive  scalar  characteristics  of  the 
isothermal  flow  in  a  model  combustor  which  comprises  a  T-vaporiser  and  two  rectangular 
sectors  of  an  annular  combustor  similar  to  one  used  in  small  gas-turbine  engines.  Mean 
temperature**  have  also  been  obtained  in  a  reacting  flow  with  an  overall  equivalence 
ratio  similar  to  that  of  tako-off  conditions.  The  results  were  obtained  with  a 
combination  of  laser  velocimetry,  thermocouples  and  probe  techniques  and  quantify  the 
effects  of  flow  aaynimetries  in  the  vaporiser  fuel  arrangement  and  of  different 
alignments  cf  the  primary  holes  with  respect  to  the  vaporiser  position.  Flow 
visualisation  results  are  also  included  to  indicate  the  general  features  of  the 
combustor  flow. 


The  isothermal  results  show  that  the  primary  zone  is  characterised  by  a  vortex 
driven  by  the  film-cooling  flows  and  limited  in  its  downstream  extent  by  the  primary 
jets.  The  vortex  has  forward  streamwise  velocity  peaks  in  the  lower  part  of  the 
combustor  which  are  in  line  with  the  primary  jets  and  backward  velocity  peaks  in  the 
upper  part  corresponding  to  the  gaps  between  the  primary  holes.  The  T-vaporiaer 
distributee  the  fuel  into  the  shear  layers  of  the  velocity  profiles  and  a  small 
asymmetry  in  the  vaporiser  flow  can  still  be  detected  up  to  ter.  diameters  downstream  of 
the  plane  of  the  vaporiser  exits.  Temperature  results  indicate  two  hot  regions  in  the 
primary  zone  which  are  in  line  with  vaporiser  exits  and  positioned  close  to  the  upper 
wall.  Changes  in  the  position  of  the  primary  holes  in  a  range  from  0  to  1/2  pitch  are 
shown  to  result  in  poorer  mixing.  The  hot  regions  at  the  combustor  exit  move  from  the 
centre  plane  as  the  primary  holes  are  moved  and  the  hot  region  on  one  side  bifurcates 
as  a  consequence  of  the  lower  dilution  jet  and  results  in  exit  temperature 
distributions  which  are  asymmetric  about  the  centre  plane. 

1 .  INTRODUCTION 


This  investigation  was  undertaken  to  establish  the  velocity  and  passive  scalar 
characteristics  in  a  flow  configuration  of  direct  relevance  to  cn  annular  combustor 
and,  by  so  doing,  to  aasis-  the  development  of  calculation  methods  which  involve 
numerical,  turbulence  and  scalar  transport  assumptions.  It  is  similar  to  that  of 
reference  1  but  involves  a  more  practical  annular  arrangement  which  comprises  a 
T-vaporiser  {reference  2)  and  two  rectangular  sectors  representing  the  primary  and 
upstream  dilution  zones  of  a  combustor  used  in  helicopter  engines.  The  investigation 
emphasises  isothermal  flow  and  makes  use  of  probes  and  laser  velocimetry  to  determine 
the  velocity  and  passive  scalar  characteristics.  The  effect  of  flow  asymmetry  in  the 
fuelling  device  and  its  relative  position  with  respect  to  the  primary  holes  are 
determined  to  establish  the  importance  of  flow  and  geometric  changes  which  can  occur  as 
a  consequence  of  combustion  and  flight  cycle  and  mean  temperature  measurements  are 
presented  t.o  demonstrate  how  fuel  is  transported  downstream  and  can  be  affected  by  the 
ci  USB-  see  earn  alignment  of  tne  primary  :ioJes. 

Related  experiments  with  much  simplified  geometries  have?  been  reported  previously 
in,  for  example,  references  3  and  4.  In  reference  3,  the  effects  of  alignment  of  a  row 
of  holes  in  the  cross-stream  direction  were  investigated  in  a  wind  tunnel  flow  and,  in 
reference  4,  geometric  and  flow  asymmetries  were  examined  in  an  arrangement  with  a 
closed  upstream  end.  The  present  measurements  provide  similar  information  in  a 
combuBtor . 

The  following  section  describes  the  combustor  and  the  instrumentation  and 
experimental  uncertainties-  The  third  section  presents  the  results  and  discusses  them 
with  the  purposes  of  the  above  pragraph  in  mind.  Sunroary  conclusions  are  stated  in  a 
final  section. 

2.  FLOW  CONFIGURATION  AND  INSTRUMENTATION 

The  model  combustor  is  shown  in  Figure  1  and  corresponds  to  two  rectangular  sectors 
of  the  Gem-00  combustor  used  in  helicopter  engines.  The  utual  reverse-nozzle  has  been 
removed  and  the  reverse- fl nw  casing  replaced  by  plenum.  Chambers  which  aJ  lew  the  same 
back  pressure  on  the  outer  surfaces  of  the  combu9tor .  The  model  includes  three 
filr -cooling  slots  near  the  head,  from  which  33.5%  of  the  total  mass  flow  enters  and 
drives  a  vortex  in  the  primary  zone.  This  vortex  is  limited  in  its  downstream  extent 
by  a  row  of  primary  jetu  issuing  from  the  lower  wall,  which  constitutes  15%  of  the 
total  mass  flow*  Furthei  downstream,  two  additional  f i 1m- cool ing  Blots  and  opposed 
dilution  jets,  representing  14.5  and  33%  of  the  total  flow  respectively,  maintain  a 
cod  do»-istroam  wall  and  thu  required  pattern  factor  m  the  exit  plane.  The  combustor 
naked  use  of  a  T-vaporiser  mounted  on  the  head  with  its  exits  in  line  with  two  of  the 
five  primary  holes  us  shown  in  Figure  1.  With  the  isothermal  flow  experiments,  the 
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vaporiser  transported  air  at  a  rate  of  4.5%  of  the  totaJ  mass  flow  and  corresponded  to 
a  momentum  similar  to  that  of  fuel  at  the  take-off  condition.  In  the  combustion 
experiments,  natural  gaa  (94%  CII4 )  was  delivered  at  0  rate  which  ■  ed  to  an  an -fuel 
ratio  of  17  .  The  combustor  was  arranged  in  the  flow  rig  of  Figure  2  which  permitted 
separate  control  and  measurement  of  the  bulk  flow  to  the  two  sides  of  the  combustor  and 
to  the  vaporiser  at  near  atmospheric  conditions.  The  mass  flow  rates  and  velocities 
associated  with  the  primary  and  dilution  holes  are  gi«en  in  Table  1  and  Table  2  records 
the  dimensions  of  the  holes  and  film-cooling  slots  which  also  comprised  rows  Of  holes. 


The  concentration  of  a  passive  scalar  was  measured  in  isothermal  flow  by  adding  a 
trace  of  helium  with  a  volumetric  concentration  of  around  5%  to  the  air  flowing  to  the 
T-vaporiser.  Samples  of  gas  ware  drawn  through  a  total  head  probe  of  1mm  outside 
diameter  and  passed  to  a  katharometer  which  was  ?ble  to  detctmine  the  helium 
concentration  with  a  precision  of  2%  of  the  full-scale  reading.  Tests  to  establish  the 
influence  of  sampling  rate  suggested  that  the  overall  measurement,  accuracy  was  of  this 
order  of  magnitude  except  inside  the  recirculating  flow  region  where  probe  interference 
could  cause  larger  errors. 

Velocity  information  was  obtained  by  a  1 aser-Doppl er  velocimeter  similar  to  that 
described  in  reference  5.  It  made  use  of  diffraction  grating  optiCB  together  with  a 
5mW  helium-neon  laser  and  forward -scattered  light.  The  geometrical  features  of  the 
Optical  system  are  given  in  Table  3.  The  flow  was  seeded  with  atomised  silicone  01) 
and  the  signals  from  a  photomultiplier  were  processed  with  a  frequency  counter 
interfaced  to  a  microcomputer  which  calculated  me^n  and  rms  values  of  the  local 
veloct  y  with  an  overall  precision  better  than  2  and  5%,  respectively. 

Temperature  measurements  were  obtained  with  thermocouples  made  from  60iim 
platinum/ 13% -rhodium  and  platinum  wires  butt  welded  to  minimise  conduction  effects. 
The  signal  was  digitised  and  the  mean  temperature  was  evaluated  by  a  microcomputer 
which,  according  to  reference  6,  is  closely  related  to  the  unweighted  average.  The 
probable  uncertainty  Lo  the  mean  value  was  of  the  order  of  5%  and  arose  mainly  from 
radiation  losses,  reference  5.  Flow  visualisation,  similar  to  that  of  reference  4,  was 
also  used  to  obtain  a  rapid  overview  of  the  flow  and  to  guide  the  choice  of  the 
location  of  measurement  with  the  above  instrumentation. 


More  detailed  consideration  of  measurement  uncertainties  can  be  found  in  references 
4-7.  They  are  insufficient  to  affect  the  conclusions  drawn  on  the  basis  of  results 
piesented  and  discussed  in  the  following  section. 

3.  RESULTS  AND  DISCUSSION 


This  scot  ion  is  divided  into  two  parts.  The  first  is  concerned  with  the  velocity 
and  passive  scalar  measurements  obtained  in  the  isothermal  flow  and  the  second  presents 
the  temperature  measurements  with  the  discussion  emphasising  the  influence  of  different 
alignments  in  the  cross-stream  direction  of  the  primary  holes  within  the  combustor  and 
at  its  eAit  plane. 

3 . 1  Isothermal  Flow 


The  general  nature  of  the  flow  can  be  deduced  from  Figure  3  which  presents  flow 
visualisation  results  in  five  vertical  planes.  On  the  centre  plane  and  at  Z  *  t  2Utnm, 
the  primary  jets  impinge  on  the  upper  wall  with  a  near  vertical  trajectory  and  a 
recirculation  pattern,  driven  mainly  by  the  film-cooling  jets,  13  contained  Detween  the 
pi  unary  jers  and  head  of  tne  combustor.  At  Z  =  14mm,  the  impingement  of  the  opposeo 
dilution  jets  divides  the  J  arger-diameter  upper  jet  and  causes  the  flow  on  the 
upstream  side  Of  the  jet  axis  to  be  directed  downwards  as  a  consequence  of  the  greater 
upper  jet  momentum.  The  part  of  the  jet  directed  towards  the  exit  is  nearly 
horizontal.  The  result  at  z  **  -14mm  corresponds  to  a  plane  where  only  the  upper 
dilution  jet  is  present  and  it  impinges  on  the  lower  wall.  Cross- st ream  flows  can  also 
be  deduced  from  the  apparent  stagnation  regions,  for  example  at  z  »  28mm  and  between 
the  dilution  holes  and  sc  can  small  regions  of  recirculation,  for  example  near  the 
bottom  dilution  jet  at  z  =  14mm. 

Figures  4-8  present  velocity  measurements  at  various  stations  chosen  to  quantify 
the  features  of  the  flow  cpsociated  with  the  vaporiser,  the  primary  zone,  the  primary 
jeto,  the  dilution  jets  and  the  convergence  of  the  exit,  region.  Figures  4-6 
characterise  the  primary  zone  and  quantify  the  primary  recirculation  with  forward 
streamwisc  velocity  peaks  in  the  lower  part  of  the  combustor  corresponding  to  the 
primary  holes  and  in  the  upper  part  corresponding  to  the  gaps  between  the  primary  jets. 
This  difference  occurs  because  the  fi lm-cool ing  slot  on  the  upper  wall  and  immediately 
downstream  of  the  primary  jets  provide  sufficient  mass  flow  to  fill  the  gaps  between 
the  iAtg  .  The  nert  nrhat  i  ons  in  the  flnw  .-»nd  UAlnr^y  '1l?tTlbUt  LOH“  at  X  =  ilntV.  *.'f 

Figure  4  in  the  lower  half  are  due  to  the  flow  from  the  vaporiser  which  distributes  the 
fuel  into  the  shear  layers  of  the  velocity  profiles.  Figure  6  shows  that  the  normal 
component  of  velocity  is  upwards  and  in  line  with  the  primary  jets  issuing  from  the 
lower  wall.  The  forward  flow  into  the  lower  half  of  the  combustor  is  comparatively 
uniform  with  a  maximum  velocity  of  around  30%  of  the  maximum  jet  velocity.  The 
streamwise  normal  stresses  are  generally  lower  and  more  uniform  than  those  m  the 
normal  direction  and  indicate  that  the  primary  jets  are  responsible  for  large 
production  of  turbulence  at  this  station.  The  streamwise  turbulence  intensity  is 
around  10%  in  the  regions  of  maximum  forward  velocity. 
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Downstream  ot  the  dilution  holes,  Figure  7,  the  flow  is  in  the  downstream  direction 
with  etreamwise  velocity  maxima  corresponding  to  planes  of  opposed  dilution  juts.  The 
planes  of  the  Bingle  dilution  holes  coi respond  to  minima  in  the  stroaniwise  component  of 
velocity  and  to  maxima  in  the  downward  normal  velocity.  These  characteristics  remain 
downstream  of  the  exit  plane.  Figure  8,  but  are  cons iderabi y  dampened.  The  contraction 
towards  the  exit  has  not  accelerated  the  flow  m  the  upper  region  of  the  combustor  to 
the  maximum  value  below  the  midplane.  The  rms  profiles  at  the  exit  are  comparatively 
uniform  and  of  lower  magnitude  than  those  of  Figure  7.  It  is  evident  that  most  of  the 
turbulence  energy  has  been  produced  upstream  of  the  exit  plane  by  the  various  jet  flows 
and  their  interaction. 

Distributions  of  the  non-dimensional  passive  scalar,  based  on  concent  rations  of  the 
helium  tracer,  see  shown  in  Figure  9  for  three  vertical  planes.  The  emphasis  is  on  the 
region  upstream  of  the  dilution  jets  whore  the  higher  values  allowed  accurate 
measurements  and.  as  would  be  expected,  the  flow  is  symmetric  about  the  centre  plane. 
This  implies  that,  in  the  primal y  rone  of  a  combusting  flow,  high  temperatu ■  ea  will 
coincide  with  the  plane  of  the  vaporiser  exits  and  cool  regions  will  occur  rear  the 
centre  plane,  as  verified  in  the  following  subsection.  Figures  3  and  4  provide  partial 
support  for  this  result  in  that  the  former  shows  little  evidence  of  cross-stream  flow 
in  the  primary  zone  anil  the  latter  suggests  that  the  fuel  jets  are  absorbed  by  the 
primary  jets  in  the  same  planes. 

The  effects  of  flow  asymmetry  m  the  vaporiser-fuel  arrangement  on  the  velocity  and 
scalar  character ist.ics  are  quantified  in  Figures  10  and  11.  The  symmetric  and 
asymmetric  streamwise  velocity  profiles  at  the  vaporiser  exits  are  also  shown  in  Figure 
10  where  it  can  be  seen  that  the  former  are  skewed  outwards.  The  asymmetric  exit 
profiles  were  caused  by  a  small  blockage  in  the  T-junction  of  about  10%  of  the  exit 

diameter  and  result  in  asymmetries  of  about  15%  in  the  velocity  distributions  in  the 

lower  part  of  the  combustor  as  shown  in  Figure  10.  The  asymmetry  in  velocity  profiles 
is  important  only  in  the  region  nca;  the  lower  wail  but  the  pu6t»ive  scalar  profiles  are 
more  affected.  Figure  11,  with  the  asymmetry  extending  beyond  the  primary  holes. 

3.2  Temperature  Field 

The  cross-plane  distributions  of  mean  temperature  obtained  with  the  symmetric 
fuelling  arrangement  in  the  primary  zone  and  exit  plane  are  shown  in  Figure  12.  Tney 
are  reproduced  in  Figures  1J  and  14  to  facilitate  comparison  with  those  obtained  with 
different  arrangements  of  the  primary  holes  in  the  cross-stream  direction  with  respect 
to  the  vaporiser  position.  As  expected  from  the  isothermal  flow  results  with  the 
in-line  arrangement  of  the  primary  holes  and  vaporiser  exit,  the  maximum  temperatures, 

which  exceed  I950K,  occur  in  the  upper  part  of  the  primary  zone  and  are  in  line  with 

the  vaporiser  exits,  Figure  12.  This  general  pattern  is  maintained  at  the  exit  plane 
with  a  slight  shift  of  the  high  temperature  regions  towards  positive  z  values  caused  by 
the  two  lower  dilution  jets. 

The  effect  of  moving  the  primary  holes  by  lateral  distances  up  to  1/2  pitch  is 
noticeable  in  the  primary  zone  and  at  the  exit  of  the  combustor  as  shown  in  Figures  13 
and  14,  respectively.  A  small  change  (by  1/8  pitch)  in  the  primary  hole  position 

causes  a  significant  reduction  in  the  size  of  the  hot  regions  in  the  primary  zone  with 
comparatively  low  temperatures  particularly  near  the  centre  plane,  indicating  poor 
mixing  of  fuel  with  air.  Although  the  horizontal  positions  of  the  hot  regions  are  not 
affected,  they  have  moved  downwards  by  about  20%  of  the  combustor  height  in  all 
misaligned  cases  and,  at  the  exit,  the  hot  regions  have  shifted  from  the  centre  plane 
and  become  out  of  line  with  the  vaporiser  exits.  As  a  result,  the  hot  region  on  the 
negative  z  half  has  been  wu'uiloLcu  by  the  jewer  dilution  jet. 

4.  CONCLUSIONS 

The  main  findings  of  the  invest igat ion  may  be  suitunarised  as  follows: 

1.  With  isothermal  flow,  the  primary  zone  of  the  combustor  is  characterised  by  a 

vortex  driven  by  the  f i Jn.-cool ing  jets  and  limited  in  its  downstream  extent  by  the 
primary  jets.  The  vortex  has  forward  atreainwi9e  velocity  peaks  in  the  lower  part 
of  the  combustor  which  are  in  line  with  the  primary  jets  and  backward  velocity 
peaks  m  the  upper  part  corresponding  to  the  gaps  between  the  pi iivary  holes.  The 
T-vaponser  distributes  fuel  into  the  shear  layers  of  the  velocity  profiles. 

2-  In  the  dilution  zone,  the  streamwise  velocity  profiles  exhibit  peaks  in  the  planes 
of  impinging  jets.  The  cross-stream  gradients  of  the  profiles  induce  rapid  mixing 
and  at  0.1  combustor  length  downstream  of  the  exit  both  mean  and  rms  velocity 

profiles  have  become  much  more  uniform. 

3.  a  small  blockade  in  the  T-iunction  of  the  vaporiser,  of  about  10%  of  its  diameter 
causes  a  15%  asymmetry  in  velocity  profiles  in  the  lower  part  of  the  primary  zone. 
The  eifect  on  passive  scalar  distributions  is  greater  and  is  detectable  beyond  the 
primary  holes. 

4.  Temperature  measurements  m  combusting  flow  indicate  two  regions  with  values  in 
excess  of  195UK,  close  to  the  upper  wall  and  in  line  with  the  vaporiser  exits  in 
the  primary  zone;  this  pattern  is  maintained  at  tne  combustor  exit. 

5.  The  lateral  position  of  the  primary  holes  influences  primary  and  exit  temperature 
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distributions.  As  they  are  moved,  by  up  to  i/2  pitch,  the  hot  regions  in  the 
primary  zone  decrease  and  move  downward  by  about  20%  of  the  combustor  height  and 
exit  temperature  distributions  become  more  asymmetric  about  the  centre  plane. 
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TABLE  1  Air  Flo*  Split  and  Jet  Velocities 
of  Model  and  CEH-60  Combustor  at 
Take-off  Condition 


Item 

Model  Cceabuetor 

COi  60  Cosibustor 

%  ■ 

Q/ms-1 

%  a 

*u/ms_1 

Top  Dilution 

Boles 

25.4 

66.2 

25.9 

67.8 

Primary  Bole* 

14.9 

62.1 

15.6 

66.8 

Bottom  Dilution 
Boles 

7.5 

62.1 

7.6 

66.2 

|  *  Values  are  calculated  assuming  a  discharge  coefficient  of  unity 

J  and  based  on  the  mass  flow  rate  scaled  down  using  m/T/AP  parameter 

|  with  atmospheric  conditions 


TABLE  2  Geometric  Details  of  Combustor 


(figure  1  identifies  the  flow  entries  by  number) 


Cooling  Slots 

Slot  Height/ 

No  of  Boles 

Dia./ 

Pitch/ 

2 

1.65 

21 

2.25 

5.91 

3 

1.38 

24 

2.00 

5.20 

4 

1.38 

24 

1.65 

5.20 

5 

1.60 

18 

2.40 

6.84 

7 

1.10 

18 

1.65 

6.04 

Primary  and 
Dilution  Boles 

Bole  Dia./ 

Bo  of  Boles 

Pitch/ 

1 

6.2 

4 

28 

6 

4.6 

5 

20 

• 

4.6 

2 

56 

Vaporiser 


/ 


9 

10 


5 

5 


TABLE  3  Characteristics  of  Laser  Velocimeter 


Half  angle  of  beam  Intersection 

7.5* 

Fringe  spacing 

4.rsnm 

Diameter  of  control  volume  at  1/s4 

intensity  level 

152m* 

Length  of  control  volume  at  1/e4 

intensity  lsvel 

2.3m 

Number  of  fringes 

31 

Effect  of  flow  asymmetry  in  vaporiser  fuel  arrangement  on  passive  scalar 
characteristics. 

(a)  asymmetric  vaporiser  flow. 

(b)  symmetric  vaporiser  flow. 


Figure  11 


Figure  12 


Cross-plane  distributions  of  mean  temperature 

(a)  primary  zone 

(b)  exit  plane. 


Figure  13 


Effect  of  alignment  of  primary  holes  with  vaporiser 
position  on  primary  zone  temperature. 


(a)  usual  alignment 

(b)  1/8  pitch  alignment 

(c)  1/4  pitch  alignment 

(d)  l/2  pitch  alignment 
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1500  -H50K 
1300  -  1500 K 

CD  tlOO  -  1300  K 

900  -  HOOK 
700  -  900K 
<700  K 


Figure  14  Effect  of  ai ignment  of  primary  holes  with  vaporiser 

position  on  exit  plane  temperature. 

(a)  usual  alignment 

(b)  1/8  pitch  alignment 

(c)  1/4  pitch  alignment 

(d)  1/2  pitch  alignment 


DISCUSSION 


C.G.W.Sheppard,  UK 

Do  you  have  any  particular  reason  for  using  helium  to  trace  gas  in  the  isothermal  “passive  scaler”  experiment?  An 
alternative  is  to  use  ethylene  at  low  concentrations  —  this  has  a  relative  molecular  mass  close  to  that  of  air,  so  avoiding  any 
relative  molecular  diffusion  effects.  Ethylene  is  inexpensive  and  can  be  measured  at  vey  low  concentrations  using 
standard  flame  ionization  detector  unburned  hydrocarbon  analyzers.  (Reference:  Chlebour,  P.V.,  et  al.  Comb.  Sci  and 
Tech.,  circa  1981.) 

Author’s  Reply 

In  the  highly  turbulent  flow  in  which  these  measurements  were  made,  I  do  not  believe  that  molecular  diffusion  effects  arc 
of  any  significance  at  all.  The  helium  trace  technique  was  used  because  it  is  a  cheap,  simple  and  a  well  tried  and  understood 
technique. 


15-1 


!  FUEL  EFFECTS  ON  FLAME  RADIATION  AND  HOT-SECTION  DURABILITY 

l  by 

j  Dr  C-A.Moses 

t  Southwest  Research  Institute 

j  6220  Culebra  Road 

|  San  Antonio,  Texas  78284,  USA 

j  Mr  P  A.Karpovich 

j  US  Naval  Air  Propulsion  Center 

1440  Parkway  Avenue 

[  Trenton,  New  Jersey  08628,  USA 

ABSTRACT 

This  paper  summarizes  the  results  of  recent  combustor  experiments  relating  to 
fuel  effects  on  combustor  durability  and  analyzes  them  with  respect  to  Navy  aircraft 
operations  and  maintenance.  By  combining  life-ratio  models  with  data  on  mission 
profiles,  models  were  developed  that  predict  the  impact  of  flying  an  aircraft  on  a 

fuel  of  reduced  hydrogen  content  in  terms  of  the  combustor  life  lost  in  flying  a  typical 
mission.  To  determine  the  effect  of  decreasing  hydrogen  content  on  maintenance 

requirements,  the  life-ratio  models  were  combined  with  data  obtained  from  maintenance 
depots  on  combustor  life  along  with  information  on  the  importance  of  combustor  life 
;  in  determining  engine  overhaul  schedules.  From  this,  it  was  possible  to  identify 

which  engines/aircraft  would  be  most  affected  by  decreases  in  hydrogen  content,  and 

at  what  point  increases  in  maintenance  requirements  are  likely  to  be  realized. 

INTRODUCTION 

Since  1980,  the  U.S.  Naval  Air  Propulsion  Center  (NAPC)  has  been  developing  the 
concept  of  an  Alternate  Test  Procedure  (ATP)  for  the  qualification  of  future  Navy 
aviation  fuels.  The  purpose  of  the  ATP  is  to  ensure  the  compatibility  of  current 

aircraft  with  fuels  of  the  future  as  fuel  specifications  evolve  to  accommodate  new 
crude  sources  and  refining  techniques.  The  underlying  thought  is  that  it  will  be 
easier  to  qualify  the  fuel  than  it  will  be  to  re-qualify  all  of  the  aircraft.  Another 
role  of  the  ATP  will  be  to  assess  the  potential  impact  of  using  non-aviation  fuels 
in  emergencies  so  that  rational  decisions  can  be  made  concerning  operations  and  mainte¬ 
nance  to  maximize  readiness .( 1 , 2 ) 

One  of  the  fuel  properties  of  concern  is  the  hydrogen  content.  Figure  1  shows 
the  historical  trend  of  hydrogen  content  for  F-44  (JP-5)  and  F-76  ( NDF )  * .  This  shows 
that  the  fleet-average  hydrogen  content  for  F-44  is  gradually  drifting  down  to  the 
recommended  minimum  meaning  that  many  fuels  are  below  that  level.  The  hydrogen  content 
of  F-76  and  other  diesel  fuels  which  could  be  condidates  for  aviation  use  in  emergencies 
is  not  controlled  and  rarely  measured.  Figure  1  shows  that  the  hydrogen  content  of 
F-76  is  about  0.3-0. 5  wt%  lower  than  F-44  and  decreasing  as  well. 

The  concern  over  the  reduction  in  hydrogen  content  stems  from  the  potential  impact 
on  hot-section  durability.  This  paper  presents  the  results  of  an  NAPC  study  at 
Southwest  Research  Institute  (SwRI)  on  the  fuel  effects  on  hot-section  durability 
and  the  potential  impact  on  operations  and  maintenance.  First,  several  aspects  of 
hot-section  durability  will  be  discussed.  Then  the  results  from  the  Navy  and  Air 


Year 

FIGURE  1.  HISTORICAL  TRDJD  OF  HYEKXEN  CONTENT  IN  F-44  (JP-5)  AND 
F-76  (NDF)  -  FLEET  AVERAC2 
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♦The  values  for  F-44  prior  to  1980  and  for  F-76  were  developed  from  correlations  with 
other  fuel  properties . (15 ) 
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Force  combustor  programs  (3-14)  on  the  fuel  effects  on  liner  temperature  will  be  summa¬ 
rized  along  with  the  resulting  predictions  on  liner  durability.  Finally,  the  signifi¬ 
cance  of  liner  durability  on  engine  overhaul  is  addressed  to  see  the  potential  impact 
of  fuel  changes  on  operations  and  maintenance. 

DISCUSSION 

Hot-Section  Durability 

The  term  hot-section  durability  refers  in  general  to  the  life  of  the  combustor 
and  the  high-pressure  turbine  section.  Variations  in  fuel  composition  and  properties 
can  affect  the  life  of  these  components  insofar  as  they  affect  flame  radiation  and 
hot  streaks.  In  stationary  gas  turbines,  hot  corrosion  from  metal  contaminants  and 
erosion  from  large  combustion-generated  particulates  are  of  concern,  but  these  are 
relatively  minor  in  aircraft  gas  turbines. 

Hot  streaks  are  non-uniformities  in  the  high-temperature  gas  flow.  These  are 
minimized  by  the  combustor  design  for  normal  operation  but  can  be  caused  or  aggravated 
by  fuel-related  problems.  Fuels  with  high  viscosity  can  sufficiently  degrade  atomiza¬ 
tion  so  as  to  reduce  the  efficiency  and  uniformity  of  the  fuel-air  mixing.  More  likely 
are  deformations  in  the  fuel  spray  caused  either  by  deposits  within  the  fuel  atomizer 
due  to  thermal  stability  problems  or  by  carbon  deposits  on  the  outside  face.  If  the 
hot  streaks  impinge  on  the  combustor  wall,  they  obviously  lead  to  higher  local  tempera¬ 
tures  and  shorter  life.  If  they  are  not  mixed  out  of  the  flow  by  the  dilution  jets, 
they  can  impinge  on  the  stationary  turbine  vanes  reducing  their  life.  The  rotating 
blades  are  generally  less  sensitive  to  hot  streaks  because  they  tend  to  experience 
average  temperatures  due  to  their  rotation. 

Radiation  is  not  considered  as  a  significant  heat  load  to  the  rotating  blades 
because  they  are  effectively  shielded  by  the  stationary  guide  vanes.  The  vanes, 
however,  are  exposed  to  the  flame  radiation  except  in  reverse-flow  combustors  like 
the  T53  and  T76.  The  radiation  heat  load  to  the  vanes  is  not  as  great  as  that  to 
the  liner  wall  and  dome  because  the  viewing  angle  is  much  smaller  and  because  some 
of  the  radiation  is  absorbed  by  cooler  gases  in  the  dilution  zones.  The  impact  on 
vane  durability  is  further  lessened  by  the  fact  that  the  life  is  usually  limited  by 
thermal  fatigue  cracking  on  the  trailing  edge  of  the  blade,  a  region  which  sees  much 
less  radiation  than  the  leading  edge.  The  remainder  of  this  discussion  will  therefore 
address  only  liner  durability. 


The  primary  effect  of  fuel  changes  on  combustor  life  is  due  to  increases  in  flame 
radiation  and  the  resulting  changes  in  combustoi  liner  metal  temperatures.  Flame 
radiation  primarily  comes  from  combustion-generated  soot  in  the  primary  zone  of  the 
combustor.  Design  factors  such  as  combustor  pressure  and  the  fuel/air  distribution 
of  the  primary  zone  determine  the  general  soot-forming  characteristics  of  a  combus¬ 
tor,  but  the  effects  of  variations  in  fuel  properties  have  been  shown  to  be  significant 
with  respect  to  liner  life. 

High  metal  temperatures  and  gradients  in  the  combustor  liner  result  in  high 
stresses  which  lead  to  warping  and  the  formation  of  cracks.  High  temperature  oxidation 
or  burnout  can  occur,  but  usually  only  after  warping  has  disturbed  the  flow  in  such 
a  way  as  to  aggravate  the  metal  temperature.  Each  time  a  combustor  goes  from  a  low 
temperature  to  a  high  temperature  and  back,  the  stresses  change  and,  like  repeated 
bending  stresses,  eventually  lead  to  the  initiation  of  a  crack.  This  failure  mode 
is  termed  low-cycle  thermal  fatigue  (LCF)  and  is  the  dominant  failure  mode  in  almost 
all  combustor  liners.  Figure  2  illustrates  typical  power  excursions  in  the  mission 
of  a  Navy  fighter  aircraf t . ( 16 )  Liner  metal  temperatures  follow  these  power  changes. 


MAXIMUM  POWER 


HfSStOM  T/M£ 


FIGURE  2.  POWER  REQUIREMENTS  DURING  COMBAT 
MANEUVERS  OF  A  NAVY  FIGHTER  AIR¬ 
CRAFT  (from  ref.  16) 


15-3 


The  two  significant  engine  cycles  for  most  aircraft  are  the  Type  I  cycles  (off  to 
max  power  to  off)  and  the  Type  III  cycles  (idle  to  max  power  to  idle).  Type  II  cycles 
include  going  to  supersonic  conditions.  Type  I  and  II  cycles  cause  more  damage  than 
Type  III  because  the  change  in  liner  temperature  is  much  greater  going  from  a  cold-start 
condition  to  maximum  power.  The  ratio  of  the  damage  severity  varies  with  engine  type; 
it  is  strongly  influenced  by  the  temperature  of  the  compressor  discharge  air  which 
cools  the  liner,  the  local  maximum  liner  temperatures,  and  the  temperature  gradients 
within  the  liner  as  well  as  the  materials.  These  ratios  vary  from  around  1.5:1  to 
50:1  and  will  be  further  addressed  later. 

If  the  maximum  liner  temperature  is  increased  beyond  its  nominal  design,  by  an 
increased  radiant  heat  load  for  example,  then  the  basic  stress  level  is  increased, 
and  cycle-life-to-failure  is  decreased  from  the  design  life.  This  can  be  illustrated 
by  Figure  3  which  is  a  fatigue  diagram  for  a  modern,  high-temperature  alloy  typically 
used  in  combustor  liners. (17)  Using  an  extreme  example  for  clarity  on  the  diagram, 
consider  a  combustor  liner  with  a  metal  temperature  of  1150K  and  a  design  life  of 
8000  cycles  (Point  A).  If  the  temperature  were  increased  by  100K  due  to  an  increase 
in  flame  radiation,  then  the  stress  will  increase  a  proportionate  amount  (Point  B)  . 
The  associated  cycle  life  is  only  about  900  cycles  or  11%  of  the  original  life.  A 
more  realistic  case  would  be  a  30K  temperature  increase  leading  to  about  a  40%  loss 
in  life.  The  importance  of  this  radiative  heat  load  to  the  liner  depends  upon  the 
relative  magnitude  of  the  convective  heat  load  and  the  agressiveness  of  the  cooling 
mechanisms.  The  viewing  angle  of  the  combustion  zone  is  also  important  so  that  aft 
panels  and  turbine  vanes/blades  are  less  affected  by  changes  in  flame  radiation  than 
the  dome  and  primary  zone.  However,  since  the  highest  liner  temperatures  are  often 
found  in  the  aft  panels,  even  small  increases  in  heat  load  can  be  significant  to 
life. 

Soot  Formation 


Soot  is  formed  in  fuel-rich,  high-temperature  regions  of  the  primary  zone. 
Most  of  this  soot  is  consumed  in  the  leaner  regions  downstream  of  the  primary  zone, 

with  perhaps  1-2%  exiting  the  combustor  and  engine  as  exhaust  smoke.  The  soot  is 

in  thermal  equilibrium  with  combustion  gases;  in  the  regions  of  generation,  this  would 
be  close  to  the  stoichiometric  flame  temperature,  around  2500-2600K  ( 4500-4700R ) . 

The  soot  radiates  as  a  black  body  according  to  T4 ,  and  is  the  largest  source  of 
radiation  heat  flux  to  the  liner. 

Soot  formation  is  dominated  by  engine  design  factors  because  of  the  importance 
of  air-fuel  mixing.  Combustion  pressure  plays  an  important  role  because,  as  this 
pressure  increases,  the  cone  angle  of  the  fuel  spray  is  reduced  thus  concentrating 
the  fuel  even  more  and  hindering  the  mixing  process.  More  soot  is  formed  at  the  high 
power  conditions  because  both  the  combustion  pressure  and  the  fuel-air  ratio  are 
highest.  Figures  4a&b  illustrate  this  by  showing  the  independent  effects  of  pressure 
and  fuel-air  ratio  on  flame  radiation  for  the  T700.  Note  also  the  level  of  the  non- 
luminous  radiation  due  to  CO2  and  H2O. 

The  high  power  operating  conditions  are  therefore  the  most  important  at  which 
to  evaluate  the  fuel  effects  on  liner  durability.  ^t  these  conditions,  not  only  are 
the  soot  and  radiation  levels  the  highest,  but  the  liner  temperatures  are  already 
at  the  highest  levels  in  the  mission  cycle.  For  most  aircraft  this  would  be  the 
sea-level  takeoff  condition  (SLTO).  For  supersonic  aircraft  the  sea-level  "dash" 
condition  is  also  important  since  the  combustion  pressures  are  higher  than  at  SLTO 
as  are  the  measurements  of  radiation  and  liner  temperature. 

Fuel  Effects  on  Soot  Formation:  The  question  of  which  fuel  properties  are 
important  in  soot  formation  has  been  an  active  topic  of  discussion  for  the  last  ten 
years  or  so.  For  distillate  fuels  in  the  range  of  F-40  through  F-54/F-76  (JP-4  through 
DF-2/NDF) ,  there  is  general  agreement  that  soot  formation  is  controlled  by  gas-phase 


FIGURE  4.  EFFECTS  OF  COMBUSTOR  PRESSURE  AND  FUEL-AIR 
RATIO  ON  FLAME  RADIATION  FOR  T700 
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kinetics  and  the  properties  which  affect  droplet  lifetime,  i.e.,  viscosity  and 
boiling-point  distribution,  have  very  little  affect  on  soot  formation.  This  may  be 
somewhat  surprising  in  light  of  the  importance  of  fuel-air  mixing,  but  evaporation 
processes  are  controlling  only  at  ignition  and  idle  where  soot  formation  is  minimal. 

The  major  controversy  has  been  whether  hydrogen  content  is  the  controlling  param¬ 
eter  or  if  aromatic  structures,  especially  polycyclic  aromatics  (PCA)  such  as  naphtha¬ 
lenes,  are  important.  This  will  be  examined  for  several  combustors  representing  differ¬ 
ent  design  technologies.  Table  1  summarizes  the  Navy  combustors  plus  the  Air  Force 
combustors  which  have  been  tested.  (Also  shown  are  the  reference  numbers  which  for 
convenience  will  be  left  out  of  the  text.)  I;*  the  Air  Force  programs,  the  range  of 
fuels  covered  the  spectrum  of  F-40,  F-34,  and  F-54  (JP-4,  JP-8,  and  DF-2 ) ;  these  were 
blended  to  different  hydrogen  contents  using  both  single-ring  and  double-ring,  aromatics 
as  well  as  end-point  extenders.  The  Navy  tests  did  not  cover  as  broad  a  range  of 
properties,  but  the  selection  was  sufficient  to  address  the  concerns  of  Navy  aviation 
fuels  since  the  scope  of  F-44  and  F-76  (JP-5  and  NDF )  is  less  than  that  of  the  Air 
Force  fuels. 


TABLE  1.  SUMMARY  OF  COMBUSTOR  TESTING  FOR  FUEL  EFFECTS 


Engine 

Navy 

Aircraft 

Navy 

Tested 

J52 

A-4-A-6 

J57/TF33 

F-8 

J79(HS) (2) 

F-4 

J79(LS) (3) 

F-4 

J85 

F-5 ,T-38 

T53 

H-l 

X 

T56 

C-2 , C-l 30 

E-2 , P-3 

X 

T58 

H-2 ,C-3 , H- 

H-52 

-46 

T64 

C-8 , C-115 , 

-  H-53 

T76 

OV-10 

X 

T400 

H-l 

T700 

H-60 

X 

TF30 

F-14 , A-7 

X 

TF34 

S-3 

TF39 

— 

TF41 

A-7 

F100 

— 

F101/( F110 ) 

F-14 

F402 

AV-8 

(6) 

F404 

A/F-18 

X 

Air  Force 
Tested 

%  Navy 
Inventory ( ^ ) 

Reference 

9.2 

X 

- 

8 

X 

3.6 

3 

X 

3.4 

6 

X 

2.1 

7 

0.6 

12 

47.2 

10 

10.5 

- 

3.6 

0.9 

13 

(4) 

3.1 

- 

2.7 

11 

6.5 

9 

X 

1.7 

14 

X 

- 

7 

X 

2.2 

5 

X 

- 

8 

(5) 

- 

4 

0.7 

- 

2.3 

11 

(1)  As  of  January  1985. 

(2)  High  smoke  version,  J79-10A  and  J79-17A. 

(3)  Low  sr.oke  version,  J79-10B  and  J79-17C. 

(4)  The  T400  consists  of  two  PT6  engines  geared  together;  the  PT6  combustor 
tested  by  the  Air  Force  was  a  significantly  different  configuration. 

(5)  F110  is  programmed  for  F-14  retrofit;  the  combustor  is  the  same  as  the 
F101  except  for  the  atomizers. 

(6)  Testing  not  yet  completed. 


The  J79 (HS )  is  a  good  example  of  an  older  design  technology  using  multiple-can 
combustors  with  a  rich  primary  zone  that  produces  high  soot  and  smoke  levels.  Figure 
5  is  taken  from  the  report  of  the  fuels  effects  study  on  that  combustor.  Shown  is 
the  liner  temperature  rise  above  the  compressor  discharge  temperature.  The  peak  temper¬ 
atures  at  the  high-power  conditions  of  SLTO  and  supersonic  dash  are  the  most  critical, 
and  the  fuel  effects  can  be  seen  to  have  caused  an  increase  in  liner  temperature  of 
over  50K .  It  can  be  seen  from  these  data  that  there  is  no  consistent  effect  of  either 
aromatics  or  volatility/viscosity. 


OF-40  (JP-4)  (solid  symbols  indicate 
□  F-34  (JP-8)  fuels  high  in  PCA) 
a.F-54  (DF-2) 


Fuel  Hydrogen  Content,  wt% 

FIGURE  5 .  EFFECT  OF  FUEL  PROPERTIES  ON  LINER-TEMPERATURE 
RISE  FOR  J79 (high  smoke) 


The  J79ILS)  is  a  later  model  of  the  above  engine  which  incorporates  improved 
liner  cooling  for  longer  life  and  a  leaner  primary  zone  and  air-blast  atomizaticn 
for  improved  mixing  to  reduce  soot  formation  and  smoke.  Figure  6  presents  the  peak 
liner  temperatures  for  this  combustor  and  as  found  above,  there  are  no  consistent 
trends  due  to  the  presence  of  dicyclic  aromatics  or  to  viscosity  and  volatility. 
Since  the  compressor  discharge  temperature,  T3,  is  the  same  for  both  models,  comparing 
the  data  from  Figures  5  and  6  shows  that  the  liner  of  the  later  model  is  about  150K 
cooler  than  the  older  model,  but  the  fuel  sensitivity  is  about  the  same  for  both. 


OF-40  (jp-4)  (solid  symbols  indicate 
□  F-34  (JP-8)  fuels  high  in  PCA) 

OF- 54  (DF-2) 


11  12  13  14  15  11  12  13  14  15 


Fuel  Hydrogen  Content,  wt% 

FIGURE  6.  EFFECT  OF  FUEL  PROPERTIES  ON  LINER-TEMPERATURE 
RISE  FOR  J79(low  smoke) 

The  TF41  is  another  example  of  an  older  technology  engine  with  can  combustors, 
but  with  significantly  higher  pressure  ratio  than  the  J79  ,  22  vs.  13.5  atm.  Figure 
7  presents  the  peak  combustor  liner  temperatures  at  SLTO  for  the  same  fuels  used  in 
the  J79  studies.  All  of  the  data  points  are  well  correlated  except  the  two  JP-8  fuels 
at  12  and  13  wt%  hydrogen  blended  with  multi-ring  aromatics;  these  two  produced  signifi¬ 
cantly  higher  liner  temperatures.  Strangely  enough  the  JP-4  fuels  blended  with  these 
same  compounds  in  about  the  same  concentrations  did  r.ot  —  ult  in  higher  temperatures. 
For  this  engine  the  question  is  perhaps  of  little  cons  e  since  the  life-limiting 
region-  is  in  the  transition  duct  between  the  combusi  the  turbine  section;  in 
this  region,  the  temperatures  were  insensitive  to  any  fut  ges. 

The  T56  engine  has  the  largest  population  in  the  Navy  inventory;  it  is  used  primar¬ 
ily  in  the  P-3  aircraft,  but  also  in  the  C-2,  E-2,  and  C-3  30  aircraft.  These  aircraft 
have  significantly  different  mission  cycles  which  affect  the  sensitivity  of  combustor 
life  to  fuel  properties.  In  the  T56  study,  liner  temperature  measurements  and  flame 
radiation  were  not  well  correlated  to  fuel  properties.  However,  in  an  earlier  study, 
Blazowski  showed  that  T56  liner  temperatures  were  well-correlated  with  hydrogen  content 
over  the  range  of  10-16  wt%.(18)  In  the  T56  report,  the  life-limiting  region  was  stated 
to  be  the  transition  duct  between  the  combustor  and  turbine  inlet;  in  that  location, 
as  with  the  TF-41,  the  temperatures  were  insensitive  to  fuel  changes. 

The  combustors  in  the  TF30  are  can-type,  but  made  of  louvered  rings  for  film 
cooling.  Combustor  life  is  limited  by  LCF  cracks  at  the  seam  between  louvers  because 
one  piece  is  exposed  to  the  flame  radiation  while  the  other  is  shielded  and  remains 
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OP-40  ( JP-4 )  OF-44  (.7r-5J  (solid  symbols  indicate 

□  F-34  ( JP-3 )  a F-7u  (NDF)  fuels  high  in  PCA) 


■ 
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Fuel  Hydrogen  Content,  wt%  Fuel  Hydrogen  Content,  wt% 

FIGURE  7 r  EFFECT  OF  FUEL  PROPERTIES  FIGURE  8.  EFFECT  OF  FUEL  PROPERTIES 
ON  LINER  TEMPERATURE  RISE  ON  LINER  TEMPERATURE  RISE 

FOR  TF41  FOR  TF30 


cooler,  thus  increasing  the  strain.  Tost-to-test  variations  in  fu«*l-air  ratio  were 
found  tc  have  significant  affects  on  liner  temperature.  When  corrections  were  made 
for  these  variations,  the  fuel  property  best  correlated  to  increases  in  linei  tempera¬ 
ture,  as  well  as  flame  radiation,  was  found  to  be  hydrogen  content.  Figure  8  shows 
this  for  the  SLTO  conditions. 

The  J85  engine  represents  older  annular  combustors  of  punched- louver  design  and 
lew  pressure  ratio.  The  liner  temperature  data  from  botli  the  cop’bustor  rig  and  full 
engine  were  very  erratic,  and  apparent  fuel  effects  were  inconsistent  even  among  thermo¬ 
couples  at  the  same  axial  location.  The  exhaust  smoke  data  were  quite  consistent, 
however,  and  showed  a  pronounced  increase  with  decreasing  hydrogen  content  so  the 
soot  formation  was  assumed  to  follow  the  same  trend.  It  was  concluded  that  the  convec¬ 
tive  heat  transfer  is  quite  complex,  and  the  inconsistencies  were  due  to  variations 
in  the  internal  gas  temperature  distribution. 

The  TF34 ,  T700,  and  F404  are  all  sta te-oJ-t he-art  annular  combustors  designed 
for  long  life.  Generally,  with  machi ned-ri r.g  combustors,  it  is  possible  to  identify 
specific  cooling  rings  which  arc  the  life-limiting  regions  and  calculate  life  predic¬ 
tions  for  those  areas.  To  illustrate  the  sensitivity  of  flame  radiation  to  hy  roger. 
content.  Figures  9  and  10  show  the  data  from  the  T700  and  F404  studies  at  tin  SLTO 
condition.  The  P4C4  was  operated  unutt  flow  conditions  scaled  cu  <i  arm  because  of 
limitations  in  the  air  factory;  the  sensitivity  to  hydrogen  content  may  not  be  accurate 
for  that  reason,  but  the  dominance  of  this  fuel  property  is  again  obvious.  The  radi¬ 
ation  data  for  the  TF34  had  a  correlation  coefficient  of  0.y2  with  hydrogen  content. 
The  liner  temperatures  in  these  combustor  studies  followed  the  same  trends. 


OF-44  (JP-5)  (solid  symbols  indicate 
AF-76  (NOF)  fuels  high  in  PCA) 

$F-4  4  Normalizing  fuel 


13.0  13.5  14.0  13.0  13.5  14.0 


Fuel  Hydrogen  Content,  wt% 
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FIGURE  9.  SENSITIVITY  OF  PRIMARY  ZONE  FIGURE  10.  SENSITIVITY  OF  PRIMARY  ZONE 
RADIATION  TO  HYDROGEN  CON-  RADIATION  TCI  HYDROGEN  CON¬ 
TENT  FOR  T700  TENT  FOR  F404 


A  simple  hydrogen  correlation  is  not  always  adequate  to  correlate  the  radiation 
and  tempos,  at  ure-ri  so  data.  Fuels  with  high  o  -nt  r<it  ion  of  naphthalenes  sometimes 
result  in  higher  values  of  radiation  and  temperature  rise.  Naegoli,  et  nl.  (19)  have 
shown  in  a  high-pressure  laboratory  combustor  that  the  importance  of  naphthalenes 
varies  with  operating  conditions  with  no  re  soot  being  produced  at.  conditions  of  lower 
pressure,  temperature,  and  residence  time,  in  the  primary  /one.  When  a  naphthalene 
effect  lias  been  seen  in  the  full-sec  lc  combustor  tests,  they  have  been  cither  at  iso¬ 
lated  conditions  which  were  not  realized  at  other  conditions,  c.g.,  F100  cruise  condi¬ 
tion,  or  not  consistent  among  the  fuels,  e.g.,  TF41.  In  the  cases  where  such  effects 
were  seen,  the  naphthalene  contents  wore  blended  to  abnormally  high  concentrations, 
14-25%,  although  the  majority  of  the  engines  showed  no  apparent  sensitivity  oven  at 
these  same  high  concentrations.  Typical  values  in  jot  fuels  are  less  than  3%,  ar.d 
for  diesel  fuels  less  than  5%.  In  comoustor  tests  with  fuels  of  more  moderate  naphtha¬ 
lene  concentrations,  hydrogen  content  has  been  consistently  shown  \:o  be  the  dominant 
fuel  factor  in  correlating  flame  radiation  and  liner  temperature  increases.  Where 
deviations  have  existed  in  liner  temperature  data,  they  have  not  been  correlatohlc 
to  fuel  properties  and  were  generally  caused  by  variations  in  operating  conditions 

or  hardware  changes  such  as  replacing  atmomizers  loading  to  changes  in  mixing  patterns. 

It  is  therefore  concluded  that  for  the  purposes  uf  relating  changes  in  fuel  proper¬ 
ties  to  combustor  life,  hydrogen  content,  is  a  sufficient  parameter  for  light  and  middle 
distillate  fuels  such  as  jet  fuel,  diesel  fuel,  and  home  heating  oil. 

LCF  Life  Models 

The  effect  of  reduced  hydrogen  content  on  I.CF  life  can  be  determined  in  one  ol 
tnree  ways: 

1.  Extensive  LCF  engine  tests  on  a  number  of  fuels. 

2.  Combustor  rig  testing  to  determine  the  effects  of  changing  fuel  properties 

on  liner  temperature,  and  the  use  of  the  liner  temperature  profile  data 

to  predict  LCF  life  using  sophisticated  finite-element  computer  codes  to 
calculate  thermal  stresses  in  life-limiting  regions. 

3.  Using  the  simplified  methodology  developed  in  the  SwRI  ATP  study  to  predict 
the  effect  of  reduced  hydrogen  content  on  LCF  life. 

The  first  approach  would  be  the  most  comprehensive  but  prohibitively  expensive 
because  of  the  number  of  tests  required  for  statistical  confidence.  The  second  approach 
was  used  in  most  of  the  combustor  studies;  the  results  are  very  significant  for  those 
engines  and  much  less  costly  than  the  first  approach.  The  third  approach  is  Much 
less  sophisticated  than  the  second  but  uses  a  similar  rationale  for  the  effect  of 
temperature  on  stress  and  cycle  life  of  liner  metals;  it  is  meant  to  be  used  where 
liner  temperature  data  are  net  available  but  estimates  on  life  cycle  ratio  are  desir¬ 
able.  It  can  also  be  applied  where  data  on  fuel  effects  on  liner  temperatures  arc 
available,  but  a  sophisticated  computer  code  to  predict  life  effects  is  not. 

The  simplified  methodology  was  developed  under  subcontract  by  Fclz  and  Kenworthy 
at  General  Elsctric  (G.E,).(17)  The  basic  assumption  is  that  the  psuudo-c lastic  stress, 
o,  is  proportional  to  the  thermal  gradient  and  that  this  in  turn  is  proportional  to 
changes  in  (T;>  -  Tcoo^ant),  where  Ts  is  the  peak  liner  metal  temperature  and  the  coolant 
temperature  js  the  compressor  discharge  temperature.-  T3.  Then, 


The  temperature  term  inside  the  parentheses  is  simply  the  parameter  developed  by 
BJazowski  (18)  to  correlate  liner  temperature  data  vhcro  the  subscripts  a  ar.d  b  corre¬ 
spond  to  the  reference  fuel  and  the  test  fuel  respectively.  This  parameter  effectively 
uses  the  liner  thermocouple  as  a  radiation  sensor  assuming  that  convective  heat  transfer 
does  not  change  as  the  fuels  change.  Working  curves  were  developed  to  predict,  the 
reduced  cycle  life  usinq  the  current  thermal  cycle  life  and  the  Blazowski  parameter 
as  input.  The  thermal  cycle  life  can  be  estimated  from  the  design  life  or  from  current 
maintenance  experience  combined  with  the  mission  profile.  The  Blazowski  parameter 
can  either  be  obtained  from  exper imenta 1  data  or  estimated  from  data  of  similar  designs. 
Specific  details  arc  found  in  Reference  17. 

Initial  verification  of  the  model  was  obtained  by  comparing  the  life-ratio  predic¬ 
tions  for  the  two  models  of  the  J79  engine  with  the  predictions  from  G.E.'s  thermal 
stress  analysis  code.  These  comparisons  are  shown  in  Figure  11  and  are  considered 
very  good  considering  the  simplicity  ct  the  model.  The  simplified  model  was  compared 
to  the  Pratt  &  Whitney  (P&w)  model  using  the  temperature  data  and  the  thermal  cycle 
life  from  the  FI  00  report.  Figure  12  compares  the  two  predictions  of  life  ratio. 
Since  this  comparison  is  also  very  good,  it  is  concluded  that  the  simplified  model 
gives  essentially  similar  results  to  that  of  the  more  sophisticated  finite-element 
computer  codes  if  the  same  cycle  life  and  temperature  sensitivity  to  hydrogen  content 
are  used. 


FIGURE  11.  COMPARISON  OF  ANALYTICAL  METHOD-  FltUlKE  11.  COMPARISON  Oi-  111'  UrF. 

O LOGIES  TO  PREDICT  U1F  EITFCTS  RATIO  MOD*’.!  M.KPfCTTn.; 

OF  FUEL  HYDROGEN  CONTENT  ON  VOU  HIE  F3  0U  CNN  INK 

COMBUSTOR  LINER  LIFE 


Th***  ruecessf ul  application  ol  the  model  o  other  cn>j;m*i  is  therefore  expected 
to  be  dependent  only  on  the  accuracy  u/  «st«bl  isli:  ng.  or  assuming,  t  lie  lir2i  tempera¬ 
ture  sensitivity  with  hydrogen  content  and  the  ihcm-il  cycle  lJfe  of.  the  engine  for  its 
mission  mix.  The  oqu' valence  witio  for  Type  ill  to  Type  1  cycles  fo”.  J.CF  damage  depends 
greatly  on  design  and  experience;  it  thoioioic?  represents  a  potential  weakness  in 
all  LCF  models. 

LCF  I.ife  Predictions:  lh  .vlit:  .ions  ol  the*  effect  of  decree  si  «y  fuel  hydrogen 

contenL  on  the  LCF  life  of  combustors  fall  into  two  categories; 

O  Those  engines  which  the  manuf act urcr  has  i..ntlo  predictions  based  on  finite- 
element  analysis  and  1  la? r-tomporature  data  from  fuel  impact  studies. 

O  Those  engines  for  which  the  3wR)/GE  simplified  methodology  is  vppli^d. 

The  manufacturer's  model  predictions  wore  used  where  they  exist,  because  they  are 

considered  superior.  since  the  two  modeling  approaches  have  bouii  si  own  to  be  in  good 
ag moment  .  the  two  will  be  combined  in  the  prosont.ax \cinl . 

Table  1  summarized  the  combustor  programs  to  date,  indicating  tlu.t  there  aro 

six  combustors  for  which  1  iner- temperature  data  do  not  exist,  i.e.,  TUB,  TV*, 

T400,  FI  1 0 ,  and  F402.  The  combustor  of  the  FI  10  is  the  sairo  as;  that  for  the  FUJI 
except  that  the  atomizers  have  been  changer-  to  pressure  atomisers.  for  the  purposes 
of  this  study,  the  F101  results  were  used.  While  the  male)  i-als  and  co  -linq  scneiret 
are  apparently  the  same,  the  flame  radiation  levels  ana  the  sensitivity  oJ  flame  radi¬ 
ation  to  soot  formation  may  be  different.  The  use  of  the  K101  model  is  whe  best  that 
can  be  done  at  this  time  without  FIT  0  data  to  compare.  The  simplii'i  ;1  methodology 

was  used  for  the  other  five  combustors.  It  was  also  cocci  for  the  7  3  3  ,  T$6,  T76,  T?00, 

TF34,  TF4 1 ,  and  F404,  using  the  1 inor-t.emporat ore  date  ‘tom  those  combustor  piogvamn. 

Two  items  of  information  are  needed  to  apply  the  SWKi/OE  model: 

o  The  thermal  cycle  life  of  the  combustor, 

o  The  sensitivity  of  liner-temperature  to  variations  in  the  hydrogen  content 
of  the  fuel. 

Thorma  l-Cycle  Life;  The  thermal-cycle  life  of  each  combustor  was  aeti.rmii.cd 
by  combii  ing  the  following  information  and  data  on  each  engine/air frames 

o  manufacturer's  data  on  design  life  and  field  life 
o  engine/ combust or  maintenance  schedule 

o  average  mission  length 

o  typical  mix  of  thermal  cycleG  in  a  mission 
o  equivalence  ratio  of  Tyne  I  and  Type  ill  thermal  cycles 

This  information  is  summarized  in  Table  2, 

The  estimates  of  the  LCF  thermal  cycle  life  for  all  of  the  engines  are  also  summa¬ 
rized  in  Table  2.  They  range  from  500-600  thermal  cycles  tor  older  engines  such  us 
the  J52  and  J79(HS1  to  around  4000  cycles  fer  newer  engines  like  the  TF34,  T700,  and 
F4G4.  Also,  it  is  apparent  that  Component  Improvement  Programs  (C1P)  have  extended 
the  life  of  several  combustors  like  the  T58,  T64,  and  J79. 

Liner  Temperature  Sensitivity:  For  the  purposes  cf  the  SwP.T/GE  m  del,  liner 
temperature  is  expressed  using  the  liner  temperature  parameter  defined  by  BJU  zowski . ( 16 ) 
Where  liner  temperature  data  exist  tor  various  fuels,  this  parameter  i  -valuabed 
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■XABl*  2-  SUKHAJt?  Or  TH2PMAJ,  CYCLE  AW  l.INFR  LIFE  DATA 


Liner 

Repair  Lite 

Average 
Hi uelon 

Hi  saiona 

to 

Hi  aslon 
__£?*!_ 

Cycle  Him 
loon  Hours 

LCF 

Damage 

El  l  act  l  ve 

Type  1  Cycles 

i  cr 
Cycle 

Ert^  ne 

Aircraft 

(Hours  1 

LengtB 

Rti'»  l  r 

Type  III 

E-juiv, 

per  lf'CO  hrs 

Life 

J52 

A-4 

750 

3  .5 

395 

524 

4480 

39:1 

639 

480 

TA-4 

750 

1,8 

417 

56l» 

5052 

39s  1 

690 

5)8 

A-6 

750 

1  .8 

417 

57) 

3500 

39.1 

660 

495 

EA-6 

750 

1  .9 

395 

525 

4441 

39:1 

639 

479 

J79-10A 

r-4 

600 

1  .9 

316 

325 

4063 

2  s  l 

255* 

1533 

J79-10B 

F-4 

1230 

1  .9 

632 

525 

406  3 

2:1 

2  556 

3066 

JhS 

T-2 

800 

1.5 

533 

666 

4027 

2:1 

2680 

2144 

T53 

WH-1,  AR-1 

3600 

1.9 

1895 

(5  34  ) 

(3176  ) 

(13:1) 

778 

2800 

T56 

C-2,  E  2 

5000 

5.0 

1000 

200 

_ 

cu-0 . 32 

264 

1  320 

C-l  30 

5000 

6.3 

794 

150 

--*• 

CB»0 . 65 

261 

1  305 

P-3 

5000 

1  1  .1* 

455 

91 

—  ■ 

cs-0 . 23 

112 

560 

T58-B.-1 D 

511-2  (also 

600 

3.2 

188 

31’ 

3246 

2:1 

1934 

1160 

TSfi-5,-16 

H-  3  ,  H  -  4 1>  I 

1200 

32 

375 

311 

3246 

2:1 

1934 

2320 

T64-6 

CH-53 

1200 

1  .3 

923 

744 

1475 

2:1 

1482 

1778 

TA4-411 

2400 

J  .3 

1846 

744 

1475 

2:1 

1482 

3557 

T76 

OV-10 

5000 

3.0 

2000 

333 

(1000) 

(13:1 ) 

4 1 G 

1230 

T400 

AH-1 

2000 

1  .9 

1053 

534 

3176 

lllil) 

778 

1556 

T700 

SH-60 

1833 

3.2 

573 

311 

3246 

2:1 

1934 

3546 

TF30 

A-7 

(550) 

2.1 

262 

465 

4164 

39:1 

591 

325 

F-14 

550 

1.4 

393 

715 

7211 

39:1 

900 

495 

TF3  4 

S-3 

1500 

2.6 

577 

3B1 

4113 

2:1 

2*37 

3656 

TF41 

A-7 

750 

2.1 

35/ 

485 

42V8 

13:1 

8  i  6 

612 

FIO/P101 

F-14 

not  estab. 

1.5 

i*ot  eatab. 

648 

650  4 

2 : 1 

3940  not 

esta 

F402 

AV-0M  tact  . 

. )  300 

1  .  3 

230 

770 

4615 

(  3:1  ) 

2  810 

843 

AV-|jA{trng! 

i  (2000 

counts ) 

1.0 

(1001 

10D0 

9000 

(  4:1  ) 

9000 

900 

r404 

NO'-  US: 

F/A-10 

1030 

1.9 

542 

525 

5455 

1.5:1 

4161 

4286 

\  1.  Numbers  1«  parentheses  are  based  on  estimates  from  similar  designs  cr  nii.sluns  wiicio  dati.  worn  not  available. 

2.  Pot  the  T56,  tile  nuiriwr  of  effective  thermal  cycles  was  calculated  trom  a  cycle  severity  parareter  (Ref.  20> 

.  which  19  of  the  LCF  damage  of  the  rent  of  the  mission  compared  to  the  Type  I  cycle  at  takeoff. 
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directly  nom  that  data.  Whore  such  data  do  not  exist,  a  value  can  bo  estimated  from 
•aombustor  data  of  similar  design,  i.c.,  materials,  cooling,  and  primary  zone  fucl-air 
ratio.  buen  a  correlation  developed  by  UiazowsKi  iiyj  tor  older  combustors  with  rich 
primary  zones  had  a  value  of  about  0.15  for  a  change  in  hydrogen  content  of  3  wti. 
Combustors  with  loaner  primary  zones  generally  have  values  less  than  this-  Also, 

different  locations  on  a  liner  will  have  different,  valuta  depending  on  the  relative 
imporcf.nce  of  ,'adiafion  heat  transfer;  when  possible  the  parameter  should  be  evaluated 
in  the  life-limiting  region. 

Table  3  uummari  zes  the  temperatures,  Tjj  and  Tj,  temperature  increase,  At,  ar.d 
the  Dlazowshi  pirameter,  P,  for  the  combustors  con si  tie tod  here.  The  values  l\sted 

arc  for  the  life- limiting  region  of  the  combustor  where  that  has  been  identified  in 
vhe  respective  reports.  An  ”e"  or  ”d"  is  usid  to  designate  whether  the  valut  is  esti¬ 
mated  ul  from  data.  The  newer  engines  showed  the  highest  temperature  rise  for  a 

decrease  in  hydrogen  content  of  1  wt%: 

T?  00  4  4K 

TFJ4  59 

P4  0  4  4  5 

engines  had  similar  temperature  increases  of  about  35K,  i.e.,  T53,  T56,  and  TF30. 

These  are  reflected  in  the  life  predictions  summarized  in  the  next  discussion. 

Summary  oi  L^f  Life  Prediction:  Th ?  results  of  the  combustor  LCF  life  predictions, 
whether  by  the  SwRI/GE  model  or  from  the  engine  manufacturers,  are  summarized  in  Figure 
13?  Figure  13 l  is  for  turboprop  and  turboshaft  engines  while  I’iguie  13b  is  for  turbojet 
and  turbofan  engines.  Solid  lines  are  used  for  predict ions  that  used  data  from  combus¬ 
tor  programs  for  the  liu.n'  temperature  sensitivity  to  hydrogen  content?  this,  includes 
all  oi  the  predictions  made  by  the  engine  manufacturers  plus  several  where  the  data 
were  used  in  ccn junction  with  the  simplified  model.  The  short-dashed  lines  are  used 
feu  the  engines  v-hare  no  liner  temperat  ui  «•  data  were  available,  and  the  Blazowski 
correlation  was  used.  The  113;»/F101  is  shown  a  6  a  line  of  loi.g  dashes  since  the  F101 
life  prediction  is  being  used  to  estt»v.af.e  the  1110  life. 

Tiie  engines  which  show  tha  yteareut  impact  are  the  newer  General  Electric  engines, 
TF34,  ‘1700,  and  1*404-  This  is  because  of  the  larger  temperature  increases  measured 
on  the  1 ifu-linit ing  panels  during  the  combustor  programs  for  those  engines.  At  the 
time  of  this  writing.  General  Electric  t  ;a«*  not  pu3  1A.,hcJ  tn*  final  report  for  the 
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TABLE  3.  SUMMARY  OF  TfMFLKATU KE  DATA 
FOR  LCD  fcoDEl  CAI.-CUJ.AT IONS 


Eng  1 no 

T  3  {  °  K  J 

Tt (Kef .  1 

AT  (  A!!  '  1  wt  %  ) 

Man-lwt 5 

052 

_ 

_ 

0.1  s 

c 

079-10A 

064 

1114 

27 

0.05 

d 

J *9-103 

bC.4 

974 

8 

0.04 

d 

085 

ltd 

880 

5 

0.025 

d 

T53 

568 

1119 

33 

0.06 

d 

T56 

623 

.3  5 

0.1  5 

d 

T58 

5^1 

- 

0.16 

e 

T64 

689 

- 

- 

0.15 

c 

T76 

630 

947 

47 

0.15 

d 

T400 

586 

- 

- 

0.15 

c 

T700 

741 

983 

44 

0.18 

d 

TF30 

744 

1003 

36 

0.14 

d 

TF34 

753 

1075 

sy 

0.18 

d 

TF41 

765 

y96 

20 

0.09 

d 

F1JO/H101 

829 

1180 

24 

0.07 

d 

F402 

- 

- 

- 

0.15 

e 

F404 

800 

1150 

4  5 

0.13 

d 

O)  in 


Change  in  Fuel  Hydrogen  Content,  wt %  Change  i  .  Fuel  Hydrogen  Content,  wt% 

FIGURE  13.  EFFECT  OF  CHANGING  FUEL  HYDROGEN  CONTENT  ON  COMBUSTOR  LCF  LIFE  RATIO 

T7IJ0  and  F4  D  4 .  so  these  predi  rt  jont-  arc  from  t  e  simplified  method.  The  TT34  report 
gave  a  prediction  of  a  95%  reduction  in  the  life  of  the  3rd  outer  panel  for  a  decrease 
in  hydrogen  content  of  2.25  wt%;  the  prediction  curve  from  the  simplified  model  Shown 
in  Figure  13b  would  be  in  the  neighborhood  of  that  value  if  extrapolated  to  <Ml  =  -2.25 
wt  %  . 


It  is  important  to  note  that,  at  best,  these  predictions  are  based  on  data  from 
combustor  rigs,  not  engine  data.  In  some  cases  the  operating  conditions  were  not 
real  but  scaled  to  reduced  pressure.  In  other  cases  the  conditions  were  not  constant 
as  the  fuels  were  changed  or  atomizeis  were  changed  between  fuels.  The  resultant 
set  of  combustor  LCF  life  predictions,  however,  seem  to  be  as  consistent  a  set  as 
can  be  developed  at  this  time  from  the  diverse  sources  of  information,  given  some 
of  the  vagaries  in  temperature  sensitivities  and  knowledge  of  liner  life  in  hours 
and  cycles. 

It  is  of  interest  to  compare  ae  predicted  life  reductions  with  increases  in 
liner  temperature  for  the  different  ibustors.  Figure  14  shows  the  liner  temperature 
rise  and  the  corresponding  LCF  life  ratio  for  a  reduction  in  fuel  hydrogen  content 
c£  l.C  wl«;  the  data  .shown  here  are  only  for  the  combustors  where  liner  temperature 
data  were  available,  not  the  ones  where  T=T(H)  was  estimated.  With  the  exception 
of  one  point,  for  the  TF-30,  there  is  a  surprisingly  good  correlation  (r2=0.94)  consid¬ 
ering  the  preceding  comments.  Generalizing  from  this  for  cases  where  data  are  not 
available,  it  could  bo  estimated  that  every  10K  rise  in  liner  temperature  results 
in  about  a  13%  loss  in  life. 

Impact  on  Flight  Operations  and  Maintenance 

The  concern  of  this  problem  in  hot  section  durability  is  the  reduction  in  the 
life  of  the  combustor  and  the  effect  on  maintenance,  i.e.,  inspection  and  repair  times, 
not  the  threat  of  a  catastrophic  failure  during  a  mission.  Crack  initiation  and  propa¬ 
gation  is  the  net  effect  over  hundreds  of  missions.  The  air  that  "leaks"  into  t lie 
combustion  chamber  at  these  uncontrolled  locations  distorts  the  flow  patterns,  especial¬ 
ly  th^t  cf  the  cooling  air.  The  excess  cooling  through  the  crack  means  a  reduction 
in  cooling  air  everywhere  else.  Also  the  exhaus  •.  temperature  pattern  factor  can  be 
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FIGURE  14 .  CORRELATION  OF  F FED 1C TED  LIFE  RATIO 
WITH  LINER  TEMPERATURE  RISE 


degraded.  In  the  extreme  it.  is  possible  that  the  liner  wall  could  distort  or  even 
collapse  inward  under  the  pressure  differential  across  the  1 1  nei  ,  but  j.n  reality  this 
never  happens  because  the  inspection  times  are  established  to  prevent  the  problem 
of  excessive  air  leakage,  long  before  the  time  of  wall  failure.  It  is  important, 
therefore,  to  consider  the  impact  of  reduced  hydrogen  content  on  these  scheduled  inspec¬ 
tion  and/or  repair  times. 


The  presentation  of  life  ratio  could  be  an  overstatement  of  the  impact  because 
it  effectively  assumes  the  engine  is  suddenly  goinq  to  be  operated  only  on  a  fuel 
of  low  hydrogen  content,  when,  in  fact,  the  aircraft  may  use  hundreds  of  different 
fuels  of  varying  hydrogen  content  over  its  life.  It  is,  therefore,  of  interest  to 
see  the  effect  of  operating  an  engine  for  one  hour  or  one  mission  on  a  fuel  of  reduced 
hydrogen  content,  i.e.,  if  a  mission  is  flown  on  a  fuel  of  reduced  hydrogen  content, 
by  how  much  has  the  combustor  life  been  reduced?  Relationships  for  this  arc  easily 

j 1 i  c *.u.  :  .  r  .  — ..  :  —  j  -  t->  1  ->  v>__  1,  :  c  *.  i.  _  l  ;  r  %  ..  -  :  .  r  — 
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given  hydrogen  content  is  U.5,  then  each  hour  Ani ss j  on  on  the  emergency  tuel  wilt  result 
in  the  same  distress  as  two  hour/missions  on  the  reference  or  base  fuel,  i.e.,  a  high 
quality  JP-5. 


Figure  15  illustrates  those  results  by  showing  the  number  of  missions/hours  on 
a  reference  OP-5,  e.g.,  with  hydrogen  content  of  13-8  wt%,  corresponding  to  one 

mission/hour  on  JP-5  with  reduced  hydrogen  content  for  an  equivalent  amount  of  LCF 
damage.  As  an  example,  consider  the  effect  of  a  reduction  in  hydrogen  content  of 
1.0  wt  % .  Operating  an  F-18  aircraft  with  the  F404  engine  for  one  mission  on  a  luel 
with  only  12.8  wt%  hydrogen  will  produce  the  same  LCF  damage  to  the  combustor  as  3.2 
missions  on  a  JP-5  with  13.8  wt  %  hydroqcn;  thus,  2.2  missions  would  be  lost  out  of 
the  lite  of  the  combustor  as  compared  to  the  repair  life  of  542  missions  shown  in 


Decrease  in  Fuel  Hydrogen  Content ,  wt% 

FIGURE  15  MISSION  LIFE  FOR  EQUIVALENT  COMBUSTOR  LCF  DAMAGE  USING  FUELS 
OF  LOWER  HYDROGEN  CONTENT 
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Tabic  ?. ,  In  contrast,  operating  an  F-14  with  (he  TK.1l)  engine  for  one  mission  on  t  hi  s 
low~hydiogt.r:  fuel  would  be  equivalent  to  only  1.1  missions;  hero  the  loss  would  bo 
only  a  tenth  of  a  mission  as  compared  to  a  repaii  life  oi  303  missions.  Put  in  this 
oithci  maintenance  oi  readiness.  It  l &  only  as  such  operation  becomes  normal  practice 
that  the  impact  will  become  evident. 

The  results  from  this  study  can  also  be  user!  to  investigate  the  impact  on  readiness 
and  maintenance  as  operations  on  low-hydiogen  fuel  become  the  norm.  Tins  can  bo  done 
by  applying  the  predicted  life  ratios  from  Figure  13  to  the  Combust  oi  life  and  comparing 
the  results  with  the  scheduled  maintenance  fur  the  hot.  section.  Where  hot-scct ion 
maintenance  is  driven  by  combustor  life*  the  impact  will  be  direct.  However,  if  hot  - 
section  maintenance  is  determined  by  something  else,  c.g.,  turbine  blades,  and  iL 
combustor  life  is  much  longer,  then  there  will  bo  only  3  minimal  impact  on  maintenance 
until  the  combustor  life  is  reduced  to  that  of  the  other  components.  This  is  because 
the  combustor  liner  is  routinely  repaired  when  the  hot-section  maintenance  is  performed. 

This  will  be  illustrated  with  several  examples.  Consider  first  the  ease  where 
overhaul  is  not  determined  by  combustor  life.  Figures  10-19  illustrate  the 

relationships  between  t  ha  predicted  life  curves  t\,:  the  T56,  T53,  TK41,  and  T64 
combustors  and  the  scheduled  inspection  or  repair  times. 

Figure  36  for  the  T56  illustrates  an  example  in  which  no  impact-  is  predicted 
even  for  an  extreme  reduction  in  average  hydrogen  content  of  1.0  wt%.  For  this  engine, 
the  hot-section  repair  time  is  dictated  by  another  component  wj  t h  a  life  much  shorter 
than  that  of  the  combustor.  Figure  16  also  illustrates  the  effect  ol  installations 
of  the  engine  in  different  aircraft;  the  r-3  flies  very  long  missions  and  thus  has 
fewer  thermal  cycles  per  1000  flight  hours  than  the  E-2  and  0-130  aircraft. 

figure  17  compares  the  predicted  liner  life  with  repair  time  for  t  tie  T53  engine. 
For-  this  engine,  a  reduction  of  1.5  wt%  hydrogen  would  begin  to  impact  maintenance 
requirements  as  the  predicted  linei  life  becomes  less  than  the  current  engine  repair 
ti  me . 


Change  in  Fuel  Hydrogen  Content,  wt% 

Change  in  Fuel  Hydrogen  Content,  wU 

FIGURE  16.  IMPACT  OF  CHANGING  FUEL  HYDROGEN 

CONTENT  ON  T56  MAINTENANCE  FIGURE  17.  IMPACT  OF  CHANGING  FUEL.  HYDROGEN 

CONTENT  ON  T5 3  MAINTENANCE 


Figure  IB  illustrates  an  example  whore  an  impact,  on  maintenance  may  begin  at 
t-  a  reduction  in  hydrogen  of  around  1.2  wt%.  The  figure  also  shows  that  there  will 

be  several  hot -sect  ion  inspections  before  significant  crack  growth  would  occur  with 
the  lower  hydrogen  fuels  so  there  should  be  no  loss  of  confidence  in  the 
r  f light-worthiness  of  these  engines.  A  similar  impact  statement  can  be  made  for  the 

i  TF34 . 


Figure  19  illustrates  a  case  where  continued  product  dove lepT^nt  has  improved 
the  life  ui  the  combustor  and  resulted  in  a  more  tolerant  engine.  The  T64-6H  inspec¬ 
tions  will  have  to  be  more  frequent  as  the  average  hydrogen  content  drops  more  than 
0.5  wt%.  The  T64-416  has  a  longer  combustor  life  which  is  not  defined  as  yet,  but 

is  significantly  longer  than  the  scheduled  time.  Similar  impact  diagrams  can  be  made 

for  other  combustors  which  are  not  J  if  .‘-limiting. 

For  the  TF3U,  T58,  J79,  J85,  and  F402  engines,  scheduled  maintenance  and/or  over¬ 
haul  is  determined  largely  by  combustor  life,  and  a  direct  impact  would  be  expected. 
Fiauz'o  20  presents  the  projected  impact  on  these  times.  For  the  TF30,  J85,  and  J79-10B, 
the  life  reductions  are  relatively  small,  and  even  a  reduction  in  hydrogen  content 
.  of  1  wt%  is  not  expected  to  have  a  significant  impact  on  maintenance  requirements . 

v.  For  the  older  J79-10A,  decreases  of  more  than  0.5  wt%  might,  begin  to  create  a 

I.  noticeable  change  in  the  liner  condition  at  the  600-hour  overhaul.  The  T68  and  F402 

j-  .  engines  are  the  ones  projected  to  have  the  most  serious  impact,  especially  the  F402 

which  has  a  very  short  life  (100-3u0  hours).  In  each  of  these  cases,  the  life  ratio 
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Change  in  fuel  Hydrogen  Content,  wt% 


FIGURE  18.  IMPACT  OK  CHANGING  FUEL  HYDROGEN 

CONTENT  ON  TF41  MAINTENANCE  Change  in  Fuel  Hydrogen  Content,  wt% 

FIGURE  19.  IMPACT  UF  DECREASING  FUEL  HYDROGEN 
CONTENT  ON  T64  MAINTENANCE 


-1.5  -1.0  -0.5  0.0 

Change  in  Fuel  Hydrogen  Content,  wt* 

FIGURE  20.  IMPACT  OF  DECREASING  FUEL  HYDROGEN 
CONTENT  ON  ENGINE/COMBUSTOR 
MAINTENANCE 


models  were  based  on  assumed  sensitivities  of  liner  temperature  to  hydrogen  content; 
these  engines  would  be  prime  candidates  for  fuel  impact  programs  to  verify  or  imp?  ve 
the  liner  temperature  estimates. 

This  brief  analysis  would  seem  to  explain  why  the  Navy  has  not  experienced  any 
significant  increase  in  hot  section  or  combustor  maintenance  over  the  last  decade 
even  though  the  hydrogen  content  of  JP-5  has  decreased,  at  least  in  local  areas. 
Flying  a  few  missions  sacrifices  a  relatively  small  number  of  hours  of  combustor  life. 
Fven  as  the  average  hydrogen  content  continues  to  fall,  for  most  engines  it  vou’d 
have  to  drop  at  least  0-5  wtfe  from  current  levels  before  any  impact  is  projected. 
Two  engines  showing  significant  effects,  i.e.,  T58  and  F402,  were  cases  where  the 
liner  temperature  sensitivities  had  to  be  estimated  so  the  projections  may  be  too 
severe. 
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SUMMARY  AND  CONCLUSIONS 

1.  Foi  the  put |Ki3CS  ol  controlling  soot  Joimation  end  the  xcsultant  impact  on  ''oml.iijs- 
toi  liner  life*  hydiogt'n  content  is  considered  to  be  a  sufficient  fuel  niopeity 
to  control  in  or -5. 

2.  The  simplified  model  for  predicting  the  effects  el  reduced  hydrogen  content  on 
LCF  life  l.itio  has  been  shown  to  piuduco  tesults  compatible  to  the  moi  e  sophisti¬ 
cated  i ini te-elcment  computoi  models  nt  hoi  ’  Genital  Elect  lie  an'  Pratt  (>  White  y 
When  appropriate  values  for  linci  tempi' i  at  ui  e  sensitivity  and  thcimal  cycle  life 
arc  used. 

3.  The  effects  of  reduced  hydrogen  content  on  LCF  life  depend  upon  the  mission  piolilc 
and  can  vary  significantly  lor  the  same  engine  in  different  applications.  Examples 
are  the  more  benign  mission  cycle  ol  the  P-3  vs.  the  C-l 30  and  the  more  vigorous 
Use  of  engine  power  dining  flight,  t  i.iciing  with  the  AV-b  liairiei  vis  oompnicd 
to  its  use  in  the  squad ion. 

4.  Based  on  the  combustor  r  i.g  data  loi  liner  tompciat  ures  and  t  ho  analyses  ol  that 
data,  there  are  scveml  engines  f  oi  which  the  pi  edict  ed  LC1  life  latiu  of  the 
combustoi  is  significantly  reduced  for  a  decrease  of  1  wt  %  in  fuel  hydrogen  con¬ 
tent.  However,  f lying  a  lew  missions  will  not  seriously  affect  t  tie  life  ox  mainte¬ 
nance  t  equi  i  omc.nt  s  of  any  engine  in  the  floe1  .  The  most  set  ions  cases  and  the 
predicted  loss  in  liner  life  loi  flying  a  mission  on  12.8%  vs  13. 8*  hydrogen 
fuel  .iic  as  foil ows : 

H;,uis  of  Combustoi  I.ite  Percent  of  Co.Jbustoi  Lite 


Engine 

Lost  for  One  Mission 

Lost  1 oi  One  Mission 

T58-5/-16 

7 .  R 

0 . 7 

T58-8/-10 

5  -  (> 

0.9 

Tfe 4  -6 

3.2 

0.3 

J79(high  smoke) 

3.0 

0.3 

F4 02 (Tact . 1 

2.0 

0.7 

F402  <  Trng . } 

1.6 

1  .6 

Engine  overhaul  is  determined  by  combustoi'  life  tor  all  of  these  engines.  For 
all  other  engines  the  impact  on  combustor  life  for  one  mission  on  a  fuel  with 
1  wt%  less  hyd logon  would  be  less  than  0.5%  of  combustor  life. 

5.  it  ir»  only  when  operations  on  Jr-3  of  low  hydrogen  content  becvtr.es  the  noini  that 
increases  in  maintenance  requirements  will  become  apparent.  The  engines  expected 
to  be  first  affected  arc: 

T38 

F402 

J  79 ( hi gh  smoke) 

The  TF34  LCF  life  is  very  sensitive  to  hydrogen  content,  Imi  it  i  s  apparently 
a  long  life  combustor.  A  conservative  estimate  predicts  an  on  maintenance 

may  begin  at  a  decrease  in  hydrogen  content  of  0.4  to  0.5*%.  The  maintenance 
on  the  T7t>  and  T64  engines  probably  would  not  bo  affected  until  hydrogen  decreases 
between  0.5  and  1.0%.  The  J79-10H,  085,  and  TFjO  engines  may  see  minor  increases 
in  maintenance,  10%  or  loss,  and  the  maintenance  requirements  on  the  T33,  T5t, 
and  TF41  engines  will  bo  unaffected  by  decreases  in  hydrogen  content.  Statements 
cannot  be  made  about  the  effects  for  newer,  long-life  cnqmcs  such  as  the  T7  00, 
F404,  and  KUO  because  maintenance  roqui rerount s  have  not  been  established. 
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DISl  l  NSION 


T.Rosfjord,  l  IS 

I  llcl'V'C  V'.'iil  1 I. ll»sl  t i ?!  lu cl  elicits  ll.lt, l  tO  pt.liic.il  'UlphcUllOllS  (i  V  .  IlKlllltclUIIKC)  is  VCI\  WOlflmllllc.  1  1  H  MU, ill 
vaii.M miu ul  fuel  pt  -pciti  s  —  .is  liKcl)  will  he  seen  in  aviation  fuels  —  hydrogen  content  is  a  good  mdicaloi  ll  del  native 
engines  were  Used  lot  power  generation.  a  hioadei  range  >1  tuck  might  be  used,  and  a  moic  inclusive  luel  poqvity 
iudicniot  is  requited  At  I'lHV,  we  have  seen  uapliltuilene  content  to  be  itnpoi  l.tnl  tot  such'ciy  pool  ijnality  luels.  Wc 
also  have  seen.  through  csceikut  data  coue1ation.ih.it  smoke  point  is  an  indicator  winch  covet  s  luel  i  unguig  hom  an  call 
quality  lovetypooi  What  is  5 our  opinion  on  the  use  ot  smoke  point  ;k;i  tucl  chemical  propeity  nulicatoi  * 

Author’s  Kc|il  > 

The  siMot.c  point  lest  was  originally  developed  to  cor.ttol  the  smoking  tendency  ol  lamp  oils  but  tied  on  the  wicks  nl 
kcioscne  lamps.  It  has  proved  to lv  an  adequate  quality  cmitiol  lot  jet  tools  although  no  one  seems  to  nndet stand  why. 
Many  ate  dissatisfied  with  the  po.»i  piceraou  ot  tlu  lest,  vslule  otheis  question  whcthei  ns  laminin  diltusion  llatnc  is 
lelevani  to  gas  tutbinc  combustion  This  quo*  iioM  heeontes  unite  sigail  leant  as  the  mscomiv  ol  the  luel  mei cases  and  01 
the  vapour  picssiiie dect eases  s  iv.c  the  wtckmgntul  evaporation  tales Iveomc  tuoie  eonti oiling in  the  ov  i.  tali  1  oinbustiou 
process.  Thei  ch'ie.  1  would  be  lesseiMiiloital  le  using  smoke  point  wiiu  low  m  quality  luck  unless  1  knew  its  relationship  tv' 
the  speeilie  combustor  in  question. 

I  ikvwisc  with  naphthalene  eomeut.  (.‘onihustion  usc.ueh  by  my  stall  has  shown  that  naphthalenes  mu  be  impoitoait  to 
soot  fonnulion  beyond  the  el  loot  ol  then  lowet  hydtogon  eomeut.  1  c  ,  possibly  due  to  nueleatiivt  ol  unbroken  ting 
sliuctiites  hovseve*.  this  eontiibutioii  is  depemlent  upon  the  operating  eoiuhtions  ot  the  eombustoi.  i  e..  tciiipeiuluu. 
ilcitMty.  and  residence  tune.  In  v\p,-iitncnt\  which  emphasized  sanations  in  luel  composition  at  constant  hydrogen 
content,  soot  !. nutation  m  on  Phillips  2-uuT.  icsc.neh  vomhusioi  was  found  to  be  quite  sensitive  to  naphthalenes, 
teti alius.  nnthr..ceiK\  etc  In  contrast,  when  these  same  luels  wotc  luitned  in  our  Y-bd  eoinbustoi,  soot  lonnaliou  was 
found  totally  insensitive  to  these  polynuclear  aromatics.  A-«  l  lemembcr.  smoke  point  could  be  eoiielated  tank  well  to 
11. .me  radiation  data  bom  the  2 -inch  combustor  at  given  op  rating  eoiuhtio-ns.  but  it  would  have  beet;  poorly  eoiielated 
with  the  1  -f»3  data  since.  at  c  Mst.int  hydrogen  content,  tin  flame  i.uhation  did  not  vaty  Incidentally.  in  the  ‘lb* 
eombustoi.  even  the  flame  radiation  data  hum  heavy  distallate  and  icsidu.il  luels  con  elate  with  hydiogen  content 

Theteloic.il  I  wet  can  engine  tnauulactiitci  inlet  ested  in  the  opei.it  1011  ot  deiiv  alive  engines  on  \  ety  poor  quality”  fuels, 
1  would  want  to  evaluate  hydrogen  content.  smoke  point.  naplalulcnc  content,  etc.,  toi  theii  relevance  to  tiiat  engine  at 
real  opcuiting  conditions,  noi  scaled,  ova  a  tange  of  fuels,  and  establish  a  meaningful  luel  specification  01  quahtv  eoimol 
lot  that  engine.  lVte:  milling  tin  ctU\.tsol  change  opeiatmg  conditions  on  the  luel  efteets  would  also  he  bencltcuilm  that  it 
would  provide  guidance  on  how  to  m-c  inatgin.il  luck  in  cnivigencics  l.astly,  1  would  do  this  tor  each  engine  type,  since  1 
doubt  that  then  would  be  many,  and  not  try  to  genet  ali/e.  ll  all  tucl  meaaues  aic  ol  equal  merit.  I  would  choose  hydrogen 
content  because  it  is  the  most  aeon  ate  and  ptecke  met  all  tuck  without  hmiiations  01  caveats.  Hut  it  it  isn’t  adequate,  and 
smoke  point  is  foi  sonn  unknown  leaso'b  then  by  all  mean.-,  smoke  jhmiiI  should  be  used- 


J.Odgi  rs,  (  A 

lor  yout  hydtogeiu'ontcnt  range. 1  aeuv  entirely  that  hydrogen  content  is  vtiy  s.itisl.ieUuy  toi  soot  con  elation  Howe'er, 
lot  low vi  h\ di v>gen content  .  s.ructiualeUects do o.;eui  and  (his  we  t.-pu  si  nt  by  the  hydrogen  satin. tiion  f.uhn  .r».«„  1  14 
luekflhi.7  to  lb. 52)  we  found  smoke  point  to  be  Uss  icpieseiitative  than  hydrogen  alone  01  hydiogen  combined  with 
hydiogen  saturation  t.icioi 


we  m^uavwi;  or  a  mwoiatc  nuio)  in  simulating 

Jl-4  IN  A  tiiWY  lAJUn)  OWlt-JUi 
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Sunpury 

A  surrogate  fuel  l vis  been  d-'velO!\\i  to  simulate  tin?  atomization  and  combustor  perfonmnoe  oj  a 
practical,  distillate  J}'-4.  The  tuxrogato  is  carpriscd  of  fouitocn  pure  hydrocarbons  and  formulated  based 
on  tie  distillation  evuve  and  ocRpoqrri  class  centxxaition  of  tlic  distillate  parent.  In  previous  work,  the 
atemizatiun  poi foimanue  (evaluated  in  terms  ol  the  at-croization  quality  in  an  isotiiernul  timber) ,  and  the 
oonbustor  ixjrforovuwe  (evaluated  in  taint;  of  tlie  velocity  and  thermal  fields  in  a  spiny- fueloil  uembuster) 
were  found  to  be  equivalent  lor  tlio  parent  nrd  surrogate  JP-4.  The  piescnt  stuly  address  the  sootitvj 
performance  of  the  t\A>  fuels,  as  well  as  two  reference  fuels  (a  JP-5  and  isooctane)  of  purposefully 
disparate  picportios.  The  sooting  leriomaJKO  of  tlie  parent  aid  surrogate  .1 1'— 4  are  nearly  identical,  and 
distinctly  different  ficm  that  of  either  tlie  JP-5  oi  the  isooctane,  ihe  surrogate  represents,  as  a  result, 
an  .attractive  fuel  blend  for  tt>e  study  of  Aiel  cai^jositiarial  effects  on  the  sooting  performance  of  jxbroleum 
fuels  in  spray-fueled  caifcustor. 


I  nt reduction 

Fuel  flexibil  ity  is  a  viable  anj  realistic  approach  to  assure  adequate  availability  of  aviation  fuel 
through  this  century.  -lb  achieve  this  position,  the  relationship  of  fuel  properties  and  composition  to 
txsbustian  hardware  pcrioruunce  and  durability  rurst  be  i dent if  iod  more  precisely. 

Future  fuo.,  *  (rejaxixi -specification  fuels  Iron  petroleum  sources  and  alternative  fuels  lixw 
nonpctroloum  sources)  are  anticipated  to  contain  increased  amounts  of  aixmitics  as  well  as  increased 
aromatic  complexity.  To  accommodate  an  increased  fuel  aromaticity,  the  pi  eduction  of  soot,  f  rem  canbustoin 
opeiTiting  on  relaxed-specification  ard  alternative  fuels  must  be  reduced.  Toward  this  end,  experimental 
evidence  is  needed  to  define  the  effects  which  fuel  pre*  forties  and  combustor  operating  conditions  have  on 
soot  tormation  and  bumcxJt . 

Practical  fuels  arc  chaoically  caiplcy,  ard  tlie  partitioning  of  the  individual  hydrocarbon  speci<s  that 

ccr^rise  such  uols  is  difficult  ard  fraught  with  ambiguity.  In  contrast,  the  use  of  a  fuel  surrogate 

oenprisod  of  pure  hydrocarbons  lias  the  advantage  of  allowing  the  fuel  carpocition  to  be  accurately 
controlled  and  monitored. 

A  surrogate  would  also  provide  an  attractive  fuel  cor  tlie  development  and  verification  o£  oerputat  io»vx) 
cvH**;.  The  model  im  of  evaporation  rates  wwild  ho,  for  *»xn  irple,  nor*?  tract  able  and  the  effect  of  fuel 
ca  position  on  evaporation  rates  would  be  mar©  readily  identified  and  interprecod. 

In  a  previous  stilly  {1],  the  rationale  for  the  oerpecition  and  blending  of  a  surrogate  to  represent  a 

distillate  JP-4  was  developed,  in  addition,  (1)  the  surrogate  blend  was  formulated,  and  (2)  the  Atomization 

arvl  combustion  performance  of  a  practical  distillate  JP-4 ,  a  surrogate  of  the  JP-4,  and  two  reference  fuels 
(a  JP-5  and  isooctane)  wen:  compared.  Ataoizafcion  performance  was  evaluated  in  an  isotlwimal  chamber, 
whereas  combustion  perfornanoe  was  assessed  by  in-flame  measurements  of  the  velocity  and  temperature  fields 
acquired  in  a  swirl-stabilized  modal  laboratory  oonbustor.  Doth  the  atomization  and  tlie  nembur-tor 
performance  of  the  parent  JP-4  and  its  surrogate  were  remarkably  similar  whereas  the  performance  of  the  two 
reference  fuels  were  distircrtly  different.  The  present  study  compares  the  sooting  performance  of  tlio 
surrogate  arri  parent  Jp-4,  nrd  references  this  sooting  performance  to  that  of  two  fuels  of  widely  different 
physical  and  dieroical  properties. 

Experiment 

Oambustor.  The  cembustoc  employed  is  a  model  axisymnntric  can  enrbustor  (ASCC)  developed  in  a  series 
of  tests  [2,3],  The  configuration  is  presented  in  Figure  1 .  The  ASOC  features  an  aerodynamical ] y 
itrol Ivu ,  oWITa  —  .ti I  .  .  .  .  l^ii  aiiabibi i  w  ol».  Z'fA/j  ^u.*v  .ujlu.  vo  sji  [.  luvuiv  u  J 

(e.g. ,  swirl  and  highly  turbulent  l  ©circulation) .  It  consists  of  an  80  nm  I.D.  cylindrical  stainless  steel 
tulx*  that  extends  32  an  from  the  piano  of  the  nozzle.  Rectangular,  flat  windows  (3b  x  306  urn)  are  mounted 
perpendicular  to  the  horizontal  plane  on  both  sides  of  tJio  combustor  tube  to  provide  optical  access  for  the 
laser  moasurecients,  A  set  of  swirl  vanes  (57  ran  O.D.)  are  concentrically  located  within  the  tube  around  a 
19  ran  O.D.  centrally  positioned  fuel  delivery  tube.  Dilution  and  swirl  air  are  metered  separately.  The 
dilution  air  is  introduced  through  flow  straighteners  in  the  outer  annulus.  The  swirl  air  passes  through 
swirl  vanes  with  100  percent  blockage  which  imparts  on  angle  of  turn  to  the  flew  of  60* . 

For  the  results  reported  he’©,  the  fuels  are  burned  at  an  overall  equivalence  ratio  of  0.1, 
ooriespcrdinj  to  a  primary  zone  equivalence  ratio  of  approximately  0.8  with  the  oirrent  ocmixistor 
gootetry.  The  combustor  is  operated  at  atmospiieric  pi-ussure  ard  t  ?*>lk  refexxuwe  vedocity  of  7.5  1^/0.  The 
ratio  of  swirl-air  to  dilution-air  is  1.5  by  mass.  Prior  to  introduction  into  tlje  aaitxistor,  botli  swirl  and 
diluticxi  air  are  Ideated  to  100*C.  The  nozzle  is  a  twin-fluid,  air>-assist  atemizer  [4),  epurated  in  tlie- 


it-2 


T 

80mm 

1 


pteesnt  exparinait  at  a  nozzle  fliiMx^fusl  mass  ratio  of  2.7.  This  is  in  contrast  to  a  ratio  of  3.0  for  the 
previous  study  in  which  the  atcraization  quality  or  the  nozzle,  ard  the  oontoustor  velocity  and  thermal  fields 
wore  characterized  [1].  The  ooot  nnasur>e«o0nts  were  made  at  the  reduced  air-to-fuel  mass  ratio  to  provide 
sufficient  soot  particulate  light  acrttaring  levels  ipon  which  to  mate  intarfuel  cgcparisons. 

Optical  Soot  Probe.  The  methou  adopted  for  the  point  mBusurawnt  of  soot  particle  size  is  scattered 
intensity  ratioing.  Figure  2  dapicts  the  optical  aiid  data  processing  layout  of  the  intensity  ratioing 
inotrvwent  relative  to  the  ASOC.  Laser  lines  fins  a  5-watt  Argon  Ion  laser  (Spectra  ihysics  Model  165), 
operating  in  the  ii.e.,  Gaussian)  node,  are  separated  by  a  dispersion  prism  to  resolve  the  0-483  >i  m 

(blue)  line  at  a  pewar  of  -300  n*f.  This  3  ine  is  focused  within  the  oewbustor  through  optical  windows  to  a 
95  um  waist  by  a  250  xrta  focal  length,  f/5  lens.  Scattered  light;  at  60’  and  20*  is  collected,  collimated, 
and  focused  to  two  photcnoiltiplier  tubes  (RCA  Modal  8575)  with  pinhole  apertures  of  200  pm. 
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Figure  2  Intensity  Ratioing  Instrument 


The  output  current  from  oadh  photcoiul  tipi  ler  tube 
i a  directed  to  a  dual  channel  logarithmic  anplifier 
(Spoctron  revalcpioent  Laboratories  Model  LA-1000) 
which  oonverts  the  negative  current  to  a  positive 
voltage.  The  logarithmic  anplifier  has  a  response 
furction  of  +2  volts  change  in  output  for  ever*  decade 
change  in  input.  This  2-volts-per-decadte  response 
allows  the  oppression  of  3  orders  of  nagnitude  of 
scattering  intensity  into  a  6  volt  range  of  signal  to 
the  processing  electronics. 

The  amplified  signals  are  then  directed 
sinultAneousiy  to  a  50  t*iz  digital  storage 
oscillosc*™  (Nirolet  Model  4094A  with  a  Model  4175 
Tiio  Bose)  ar«l  an  inUftfiity  ratio  processor  (SpecLrun 
Der/eloproont  Laboratories  Model  RP-1000).  The  digital 
oscilloscope  is  used  to  monitor  signal  <*)ality  during 
both  calibration  and  experiiaental  work,  and  to  archive 
temporal  histories  of  particulate  light  scattering  for 
later  analyst) .. 

The  intensity  ratio  processor  determines  the 
intensity  ratio  of  incoming  scattering  signals  and 
converts  the  ratio  to  a  digital  ward  to  be  fed  to  a 
■icnjuoiputer  (Apple  He).  However,  in  contrast  to 
tte  previous  study  that  rcliai  cn  the  intensity  ratio 
processor  for  data  processing,  the  present  study 
emphasizes  the  acquisition  of  time-resolved  scattering 
histories  obtained  with  the  digital  oscilloscope 
digitizing  at  1.00  hftf. 

Results 

Velocity  and  Thermal  Fields:  prior  Results.  For 
perspective,  the  velocity  and  thermal  field  data 
obtained  and  carps  red  in  the  previous  study  [  1]  are 
suanarized  here.  The  velocity  fields  of  the  four 
fuels  are  present'*!  in  Figure  3.  The  fields  are 
virtually  the  came  except  at  tha  x/R-1.00  station 
(Figure  4) .  Hare  the  velocity  profiles  vary  depending 
on  the  evaporation  rates  of  the  fuels.  Isooctana  is 
ccspletely  evaporated,  and  the  prof  ilea  represent  the 


gas  velocity  (Figure  4a).  The  JP-5,  which  has  the 
lowest  volatility  of  tha  four  fuels,  exhibits 
significantly  higher  velocities  (in  excess  of  60 
u/u) ,  reflecting  tha  perBistanoa  of  hieft  velocity  droplets  at  this  station.  The  volatility  of  the  JIM 
parent  and  surrogate  lies  between  tha  isooctana  and  JP-5.  Although  droplets  still  persist  for  thi  JIM 
fuels,  tto  drop  size  is  waller  (due  to  the  higher  evaporation  rate  relative  to  the  JP-5) ,  arri  the  local 
velocities  are,  as  a  result,  lower.  Mote  tho  ramarfcahle  cxirreeponfenoe  between  tha  JIM  parent  and 
•irroget*  (Figure  4b) . 


The  light  scattering  histories  for  petroleum  JP-4,  JP-5,  and  isooctane  (Figures  6a,  c,  and  d 
respectively)  show  significant  differences  among  these  three  fuels.  The  degree  of  scattering  activity 
(defined  as  the  number  of  scattering  events,  or  peats,  occurring  within  the  8  millisecond  scattering  history 
delayed  in  each  figure)  increases  significantly  from  isooctana  to  JP-5  as  hydrogen  wtl  (V-rreases  and 
airratic  oentent  increases.  This  increased  scattering  activity  is  directly  associated  with  an  increase  in 
sooting.  In  contrast,  the  scattering  fingerprint  of  the  surrogate  (Figure  6b)  is  virtually 
indistinguishable  free  that  of  the  petroleum  JP-4  (Figure  6a)  • 


Figure  6  sooting  Propensity 

(a)  Petroleum  JP-4 

(b)  Surrogate  JP-4 

(c)  Petroleum  JP-5 

(d)  Isooctane 


A  second  criteria  by  which  the  sooting  propensity  of  the  fuels  can  be  evaluated  is  flame  background. 
In  particular,  the  flame  background  at  x  =  0.438  i>  m  (i.e. ,  tlkj  background  signal  level  upon  which  the 
particulate  scattering  events  ride)  is  the  contribution  free  particulate  blackbody  emission  within  the  field 
of  view  of  tix?  collection  optics,  and  is  a  measure  of  relative  flame  radiation  levels  among  these  fuels. 
This  background  contribution  is  always  greater  at  60*  because  the  optical  path  length  is  greater  by  a  factor 
of  approximately  1.9  relative  to  20*.  A  ccetpariscn  of  the  flame  background  contribution  at  60*  shows  JP-5  > 
petroleum  JP-4  >  isooctane  by  factors  of  14:5:1,  respectively.  Again,  the  surrogate  flame  background 
contribution,  at  a  factor  of  5.  is  identical  to  the  parent  JP-4. 


Sumary 

A  previews  study  established  the  effectiveness  of  a  fuel  surrogate  blend  of  14  pure  hydrocarbons  to 
s uiulate  the  cxvbustor  performance  of  a  practical,  distillate  JP-4  in  terms  of  the  velocity  and  thermal 
fields  in  a  spray-fueled  model  oarbustor-  Hie  present  study  dejranstretes  that  the  sooting  behavior  is  also 
nearly  identical.  This  is  in  direct  contrast  to  tuo  reference  fuels*  of  disparate  pre^erties  (a  JP-5  ard 
isooctane) ,  both  of  which  display  a  distinctly  different  sooting  behavior  in  contrast  to  the  parent  arri 
surrogate  JP-4,  and  to  each  other.  The  approach  used  in  the  formulation  of  the  surrogate,  based  on 
replicating  the  distillation  curve  and  class  carpound  partitioning  of  the  parent,  is  an  effective  approach 
in  the  preparation  of  a  fuel  that  car.  be  used  for  (1)  the  acquisition  of  data  frr  ccobustor  cods 
verification  and  development,  and  (?)  the  study  of  fuel  oonpositiaial  effects  on  tte  sooting  propensity  of 
practical  fuels. 
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DISCUSSION 


A. Williams,  UK 

You  showed  that  the  substantiation  of  a  small  amount  on  N-hexanc  by  I  pentenc  in  the  surrogate  blend  significantly 
increased  the  soot  yield.  What  eflect  did  this  have  on  the  percent  weight  hydrogen  content  and  does  this  have  implications 
on  the  use  of  the  hydrogen  content  alone  to  define  fuel  sooting  tendencies? 

Author’s  Reply 

The  data  to  which  you  refer  are  preliminary  and,  while  presented  to  demonstrate  the  potential  utility  of  the  mu  rugate  in 

exploring  ilie dependency  of  sooiiii>;oii  Lwiisimn.ii is  uopeu  mio  me  fue  l,  ui  s  not  f»»i ma’ly  included  in  the  m;inu 'Cnpi  \  on 

are  correct  that,  in  the  example  given,  the  doping  of  1 .5%  volume  1  -pentene  in  substitution  for  l  .5  Volume  n-hexane  did 
increase  the  sooting  propensity  as  measured  bv  a  ratioing  processor  in  a  model  uxisymmetric  can  combustor  devoid  of 
wall  jet  injection  While  we  are  working  to  verify  the  icpeatabi'.ity  ami  accuracy  ot  these  measurements,  wo  find  (in  both 
the  model  axisynnnctric  can  combustor  and  in  a  model  three-dimensional  can  combustor  with  wall  jet  injection)  that  fuel 
preparation,  nozzle  operating  conditions  (in  partieulai  the  atomizing  air)  fuel  air  mixing  in  the  dome  region,  and  wall  jet 
mixing  in  the  secondary  zone  can  dominate  the  production  of  soot  independent  of  the  hydrogen  content  alone-  1  he 
change  in  percent  weight  hydrogen  ol  the  blend  is  negligible  for  the  1 4.4%  level  of  the  base  surrogate. 
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RADIATION  FROM  SOOT-CONTAINING  FLAMES 
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SUMMARY 

The  thermal  radiation  properties  of  turbulent  soot-containing  diffusion  flames  are  considered,  treating:  scalar  structure, 
excluding  soot;  soot  properties;  and  turbulencc/radiation  interactions.  TTte  laminar  flamelet  concept,  implying  universal  correlations 
of  scalar  properties  as  a  function  of  mixture  fraction  (found  from  analysis  or  measurements  of  laminar  fltmes)  appears  to  be  effective 
for  estimates  of  scalar  structure  needed  for  analysis  of  flams  radiation.  Extension  of  the  laminar  flamelet  concept  to  soot  volume 
fractions  (the  soot  property  needed  for  radiation  predictions)  has  also  been  encouraging;  however,  universality  is  cruder  than  for  gas 
properties  due  to  effects  of  finite -rale  chemistry.  Turbulencc/radiation  interactions  were  studied  by  comparing  radiation  predictions 
based  on  statistical  simulation  of  scalar  properties  along  a  radiation  path  (stochastic  analysis)  with  conventional  results  using  time- 
averaged  properties  along  the  path.  Stochastic  predictions  of  spectral  radiation  intensities  arc  found  to  be  40-100  percent  higher  than 
mean  property  predictions  in  luminous  turbulent  diffusion  flames,  suggesting  significant  effects  of  turbulence/rzdiation  interactions. 

LIST  OF  SYMBOLS 


a  acceleration  of  gravity 

Cj  constants  in  turbulence  model 

d  burner  exit  diameter 

exb  blackbody  monochromatic  emissive  power 

f  mixture  fraction 

fv  soot  volume  fraction 

g  square  of  mixture  fraction  fluctuations 

lx  spectral  radiation  intensity 

k  turbulence  kinetic  energy 

Kx  spectral  absorption  cr  os  section 

L*  dissipation  lengtn  scale  of  eddy 

P(f)  probability  density  function  of  f 

r  radial  distance 

Re  burner  Reynolds  number 

a  distance  along  optical  path 

Sc  laminar  Schmidt  number 

S$  source  term 

T  temperature 

u  axial  velocity 

v  radial  velocity 


x  height  above  burner 

c  rate  of  dissipation  of  lurbulence  kinetic  energy 

X  wavelength 

\x  laminar  viscosity 

p*n  effective  viscosity 

m  turbulent  viscosity 

*tX  spectral  transmittance 

p  density 

<jj  turbulent  Prandt  1/Schmidt  number 

$  generic  property,  fuel-equivalence  ratio 

Subscripts 

c  centerline 

o  burner  exit  condition 

~>  ambient  condition 

Superscripts 

(-),  t  )  time  averaged  mean  and  root-mean-square 
fluctuating  quantity 

(')>  (-)"  Favre-averaged  mean  and  root-mean- square 
fluctuating  quantity 


1.  INTRODUCTION 

Radiation  from  turbulent  dil  fusion  flames  is  an  important  aspect  of  neat  transfer  in  combuMvis  and  cmi-ium  plun.es  of  aircraft 
propulsion  systems,  internal  combustion  engines,  fumaevs,  industrial  flares,  and  unwanted  Arcs.  Motivated  by  these  applications,  a 
series  of  studies  concerning  the  structure  and  radiation  properties  of  n  uni  u  mi  nous  turbulent  diffusion  flames  were  recently  completed 
in  this  laboratory  (1-8).  Encouraging  predictions  of  flame  structure  were  obtained  using  the  conserved-scalar  formalism  along  with 
the  laminar  flamelet  concept  for  relating  scalar  properties  to  the  conserved  scalar  (9-13).  Stochastic  methods  for  predicting  flame 
radiation  were  also  developed,  which  provided  reasonably  good  agreement  with  experimental  findings,  as  well  as  insight  concerning 
effects  of  turbulence/radiation  interactions  The  present  paper  describes  extension  of  this  work  to  luminous  (soot-containing) 
turbulent  diffusion  flames,  involving  both  measurements  and  predictions  of  flame  structure  and  radiation  properties.  Results  of 
several  studies  arc  briefly  described,  additional  details  arc  reported  elsewhere  (14-16). 

Several  reviews  treat  aspects  of  fiamc  radiation:  Tien  and  Lee  (17)  summarize  tlr;  radiative  properties  of  flame  environments, 
Faelh  and  coworkers  discuss  the  radiation  properties  of  turbulent  flames  (18,19),  and  Goody  (20)  and  Ludwig  et  al.  (21)  considci 
computations  of  the  radiative  properties  of  gases  and  particles.  Thus,  the  following  review  of  earlier  work  will  be  limited  to  three 
issues  relating  to  luminous  turbulent  flames,  as  follows:  scalar  structure,  excluding  soot;  soot  properties;  and  turbulencc/radiation 
interactions. 
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The  laminar  flamclei  concept  has  been  successful  for  estimating  the  scalar  properties  needed  to  predict  radiation  for 
nonluminous  turbulent  diffusion  flames,  as  no*^  —  -'ter.  The  concept  is  based  on  the  observations  of  Bilger  01)  and  Liew  ei  al. 
(12J3)  that  the  concentrations  of  major  gas  species  are  nearly  universal  functions  of  mixture  fraction  (the  fraction  of  mass  which 
originated  from  the  burner)  within  laminar  diffusion  flames.  Some  variation  of  these  functions,  termed  state  relationships  (2),  are 
observed  in  regions  of  high  flame  stretch,  associated  with  points  of  flarac  attachment  and  extinction  (12,13).  Minor  gas  species,  like 
radicals  and  pollutants,  also  display  less  tendency  for  universal  state  relationships  (22).  Howe  -er,  regions  of  attachment  and 
extinction  are  generally  only  a  small  fraction  of  most  flame  fields,  and  minor  gas  species  generally  have  little  effect  on  flame  radiation 
properties;  therefore,  these  exceptions  still  leave  a  significant  range  of  conditions  where  ihe  state  relationships  can  provide  a  useful 
connection  between  scalar  properties  and  mixture  fractions.  The  laminar  flamclei  concept  is  applied  to  turbulent  flames  by  assuming 
that  turbulent  flames  correspond  to  wrinkled  laminar  flames,  and  have  the  same  state  relationships.  When  this  approach  is 
appropriate,  the  difficulties  of  complex  flame  chemistry  in  turbulent  environments  arc  replaced  by  relatively  routine  analysis  or 
measurements  for  laminar  flames  having  the  same  initial  and  ambient  states  as  the  turbulent  flames. 

State  relationships  for  major  gas  species  have  been  prepared  for  laminar  nonhydrocaibon  fuels,  and  for  weakiy  sooting 
hydrocarbon  fuels,  all  burning  in  air,  as  follows:  hydrogen  (7,11),  carbon  monoxide  (6),  methane  (2,8,11),  propane  (3)  and  n- 
lieptar.e  (11).  Local  thermodynamic  equilibrium  is  generally  observed  for  the  nonhydrocarbon  fuels  and  in  the  fuel-lean  region  for 
the  hydrocarbon  fuels.  However,  hydrocarbon  fuels  depart  significantly  from  local  thermodynamic  equilibrium  for  fuel-rich 
conditions,  due  to  slow  chemical  processes  associated  with  fuel  decomposition,  soot  formation  and  soot  oxidation.  Nevertheless, 
scalar  properties  still  correlated  reasonably  well  for  weakly  sooting  hydrocarbons,  providing  the  state  relationships  needed  tor  use  of 
the  laminar  flamelet  concept  (2,3, 8,1 1). 

In  view  of  the  added  complexities  of  soot  chemistry,  extension  of  the  laminar  flamclei  concept,  if  appropriate,  would  be 
particulaily  valuable  for  finding  the  scalar  properties  needed  to  analyze  the  radiation  properties  of  luminous  (soot-containing) 
turbulent  flames  Flame  radiation  is  predominantly  in  the  infrared,  at  wavelengths  longer  than  1000  nm,  while  soot  particles  are 
generally  smaller  than  100  nm;  therefore,  the  Rayleigh  limit  for  small  panicles  is  acceptable  for  estimating  the  spectral  absorption 
coefficients  of  soot  end  scattering  can  be  ignored  (17).  In  this  siiuation,  the  only  soot  properties  needed  for  radiation  analysis  are  the 
refractive  indices  and  volume  fractions  of  soot.  The  refractive  indices  of  soot  are  relatively  independent  of  the  original  fuel,  and 
values  have  been  reported  in  the  literature  (17,23).  Thus,  soot  volume  fractions  arc  the  soo:  property  that  must  be  found  from  flame 
structure  predictions,  in  order  to  analyze  radiation  from  luminous  flames. 

Several  earlier  studies  of  sex;,  containing  turbulent  flames  (24-27)  provide  some  evidence  *hat  soot  volume  fractions  might  be 
correlated  with  mixture  fractions,  yielding  soot  volume  fraction  state  relationships  for  a  useful  range  of  flame  conditions.  Kent  and 
Bastin  (24)  observed  that  soot  concentrations  within  turbulent  acctylcnc/air  diffusion  flames  become  relatively  independent  of 
residence  time,  for  sufficiently -long  residence  times,  suggesting  that  a  quasi-equilibrium  condition  typical  of  a  correlation  between 
soot  properties  and  mixture  fraction  was  being  approached.  Later,  Kent  (25)  found  thrt  characteristic  soot  volume  fractions  (a 
parameter  related  to  maximum  soot  volume  fractions  in  a  turbulent  flame)  were  relatively  independent  of  fuel  residence  times  for 
sufficiently  long  residence  times;  and  were  related  to  the  same  parameter  found  in  laminar  flames  for  a  variety  of  fuels.  Becker  and 
Liang  (26,27)  studied  turbulent  sooting  flames  for  a  wide  range  of  conditions.  They  found  that  the  soot  generation  efficiency 
(defined  as  the  mass  percentage  of  fuel  carbon  which  was  converted  to  soot  and  emitted  from  the  flames)  also  became  relatively 
independent  of  flame  conditions  for  sufficienlly-loiig  residence  times.  Based  on  these  observations,  it  seems  worthwhile  to  pursue 
whether  state  relationships  are  observed  for  scalar  properties,  including  soot  volume  fractions,  in  soot -containing  turbulent  diffusion 
flames. 


Another  issue  concerning  the  radiation  properties  of  luminous  turbulent  diffusion  flames  irvolves  effects  of 
turbuience/radiation  interactions.  Mean  scalar  properties  are  gererally  used  to  compute  flame  radiation,  however,  turbulent 
fluctuations  make  this  practice  questionable  since  radiation  properties  are  nonlinear.  Assuming  a  gray  gas,  Cox  (28)  finds  that 
radiance  values  can  be  more  than  twice  predictions  based  on  mean  temperature.  Kabashnikov  and  Kmit  (29)  treat  combined  effects 
of  fluctuating  absorption  coefficient  and  temperature,  reaching  similar  conclusions.  Fast  work  in  this  laboratory,  examined  effects  of 
turbulence/radiation  interactions  for  nonluminous  flames,  yielded  a  more  complex  outcome  (1-8)  Radiation  predictions  for  stochastic 
simulation  of  scalar  properties  along  a  path  were  compared  with  predictions  based  on  time-averaged  scalar  properties  along  the  path. 
Findings  indicated  rciativeiy  sniaii  effects  of  turbuience/radiation  interactions  foi  carbon  moncxide/air  ib)  and  methane/air  (4,8) 
flames,  while  effects  comparable  to  (28,29)  were  observed  for  hydrogen/air  (7)  flames.  Grosshandlcr  and  Vantelon  (30)  similarly 
find  large  effects  of  turbulence/radiation  interactions,  using  stochastic  simulations  with  prescribed  probability  density  functions  of 
scalar  properties  along  the  radiation  path,  for  both  nonluminous  and  luminous  turbulent  diffusion  flames,  flased  on  these  findings, 
turbul  ncc/radiation  interactions  appear  to  be  appreciable  for  turbulent  diffusion  flames;  prompting  further  consideration  of  the 
pheno:  .cnon  during  the  present  investigation. 

The  objectives  of  the  present  investigation  were  to  examine  whether  state  relati'  >nships  needed  for  use  of  the  laminar  flamelet 
concept  existed  for  a  useful  range  of  flame  conditions,  and  to  evaluate  effects  of  turbuience/radiation  interactions,  in  luminous 
turbulent  diffusion  flames,  hfhylcne/air  and  acetylcne/air  flames  were  studied,  since  these  fuels  provide  strongly  luminous  names 
which  have  been  considered  by  others  (24-27,31-33).  Flame  structure  and  radiation  measurements  were  completed,  and  compared 
with  predictions  based  on  methods  developed  during  earlier  studies  of  nonluminous  flames  (1-8).  Auxiliary  measurements  iri  laminar 
flames,  to  find  state  relationships,  are  also  reported. 

The  paper  begins  with  descriptions  of  experimental  and  theoretical  methods,  including  the  measurement  of  state  relationships. 
This  is  followed  by  comparison  of  predictions  and  measurements  of  flame  structure  for  the  turbulent  flames.  The  paper  concludes 
with  consideration  of  predicted  and  measured  radiant  absorption  and  emission  properties. 

2.  EXPERIMENTAL  METHODS 

Test  Apparatus.  The  turbulent  flame  apparatus  was  identical  to  the  arrangement  used  to  study  nonluminous  flames  (1-8). 
The  fuels  were  injected  vertically  upward  from  a  round  burner  passage  having  an  exit  diameter  of  5  mm  The  flames  burned  within  a 
screened  enclosure,  in  order  to  reduce  effects  of  room  disturbances.  The  flames  were  attached  at  the  burner  exit,  using  a  small 
coflow  of  hydrogen,  similar  to  Becker  and  Liang  (26,27). 

The  laminar  flame  apparatus  involved  vertical  upflow  of  coflowing  fuel  and  air,  similar  to  the  arrangement  used  by  Santoro  el 
al.  (31).  Fuel  flowed  from  the  centra!  tube  (14.3  nun  diameter)  while  air  flowed  from  a  concentric  outer  tube  (102  nun  diameter). 
Both  passages  contained  layers  of  beads  and  honeycomb  to  insure  uniform  flow  a?  the  burner  exit.  The  flow  field  was  shielded  by  a 
1 15  mm  diameter  quartz  cylinder,  surmounted  by  a  fine-mesh  screen,  to  reduce  effects  of  drafls. 

ICSL-CCAdlUOni  Table  1  provides  a  summary  of  test  conditions  for  the  turbulent  flames.  Two  flames  (each)  were 
considered  for  ethylene  and  acetylene.  All  flows  had  relatively  high  Reynolds  numbers  and  were  turbulent  at  the  burner  exit.  Initial 
Richardson  numbers  were  relatively  low;  however,  effects  of  buoyancy  were  still  important. 
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The  flames  are  simitar  to  the  longer  residence  time  flames  studied  by  Becker  and  Liang  (26,27);  cones  ponding  lo  Richardson 
ratios  on  the  order  of  10\  or  characteristic  residence  times  of  90-  160s  (based  on  definitions  of  these  parameters  of  Becker  and 
Liang).  Thus,  the  piesent  flames  are  in  the  plateau  region  observed  in  (26,27),  where  radiative  heat  loss  fractions  and  soot 
generation  efficiencies  are  nearly  independent  of  the  burner  flow  rate. 

Instrumentation.  The  following  measurements  were  made  in  the  turbulent  flames:  mean  ami  fluctuating  streamwisc 
velocities,  mean  concentrations  of  major  gas  species,  laser  extinction,  soot  volume  fractions,  spectral  radiation  intensities,  and 
radiative  heat  fluxes.  Velocities  were  measured  across  the  burner  exit  (x/d  -  2),  at  .  a  Ji c  axis,  using  a  single-channel  laser 
Doppler  anemometer.  These  measurements  were  time  averages,  with  uncertainties  95  percent  confidence)  less  than  5  percent  for 
mean  velocities  and  less  than  10  percent  for  velocity  fluctuations  (14,1 5). 

Mean  concentrations  of  major  gas  species  in  the  turbulent  flames  were  measured  by  sampling  with  a  6.3  rron  diameter  water- 
cooled  probe  and  analysis  with  a  gas  chromatograph.  At  high  soot  concentrations,  the  probe  tended  to  clog  with  deposited  soot: 
measurements  at  such  conditions  are  not  reported  in  the  following.  Uncertainties  in  mean  species  concentrations  (95  percent 
confidence)  are  less  than  15  percent  in  the  flaming  region,  but  arc  higher  in  the  overfire  region  as  combustion  product  concentrations 
become  small  (14-16).  Concentration  measurements  were  similar  in  the  laminar  flames,  except  that  a  quartz  microprobe  having  an 
inlet  diameter  of  0.1  -0.2  mm,  operating  with  choked  flow  at  the  inlet,  was  used  to  obtain  better  spatial  resolution. 

Mixture  fractions  were  computed  from  the  species  concentration  measurements,  based  on  the  measured  concentrations  of 
carbon  and  oxygen  while  assuming  that  carbon/hydrogen  ratios  were  preserved  throughout  the  flow  field.  Uncertainties  in  mean 
mixture  fractions  (95  percent  confidence)  were  ~  20,  -  50  and  -  100  percent  at  f  =  0.04,  0.004  and  0  0005  (16). 

Laser  extinction  measurements  (514.5  and  632.8  nm)  were  used  to  study  absorption  by  soot  in  the  turbulent  flames. 
Uncertainties  in  these  measurements  (95  percent  confidence)  are  less  than  10  percent  (14,15) 

Laser  extinction  measurements  were  also  used  ro  measure  soot  volume  fractions  in  the  laminar  flames,  following  the 
deconvolution  technique  reported  by  Santoro  et  al.  (31).  The  refractive  index  correlation  of  Dalzcll  and  Sarofim  (23)  was  used 
during  these  calculations.  Uncertainties  in  these  measurements  (95  percent  confidence)  are  estimated  to  be  less  than  20  percent 
(14,15). 

Turbulent  fluctuations  had  only  a  small  effect  on  laser  extinction  measurements  for  the  present  flames;  therefore,  the 
extinction  measuremems  were  deconvolved  to  provide  time-averaged  soot  volume  fractions  in  the  turbulent  flames.  Uncertainties 
(95  percent  confidence)  are  as  follows:  acetylene,  15  percent  at  4  ppm  and  300  percent  at  0.06  ppm;  etnylcnc,  20  percent  at  0.5  ppm 
and  300  percent  at  0.004  ppm.  Uncertainties  are  roughly  proportional  to  soot  volume  fractions  in  the  intervening  region. 


.Spectral  radiation  intensities  were  measured  with  a  monochromator,  viewing  roughly  10  mm  diameter  (1.2°  field  angle) 
horizontal  paths  through  the  axis  of  the  flames.  A  combination  of  gratings  and  order-sorting  filters  provided  observations  in  the 
1200-5500  nm  wavelength  range  with  resolutions  of  80  and  230  nm  at  the  low  and  high  ends  of  this  range.  Uncertainties  of  these 
measurements  (95  pa  cent  confidence)  were  less  than  15  percent 

Radiative  heat  fluxes  were  measured  at  points  around  the  turbulent  flames  using  a  gas-purged,  water-cooled  radiometer  (150° 
viewing  angle  with,  a  sapphire  window  which  attenuates  radiation  having  wavelengths  longer  than  5500  nm).  Uncertainties  of  these 
measurements  (95  percent  confidence)  were  less  than  10  percent  (14,15). 

3.  THEORETICAL  METHODS 

Flame  Structure .  Analysis  of  flame  structure  and  radiation  properties  was  similar  to  methods  used  for  nonluminous  flames  (1  - 
8)-  Major  assumptions  of  the  structure  analysis  are  as  follows:  low  Mach  riun. uer  boundary-layer  flow  with  no  swirl;  equal  exchange 
coefficients  of  al)  species  and  heat;  buoyancy  only  affects  the  mean  flow;  and  negligible  radiant  energy  exchange  between  various 
portions  of  the  flame.  Except  for  the  last,  these  assumptions  are  either  justified  by  the  test  conditions  or  by  acceptable  performance 
for  similar  diffusion  flames.  The  present  flames,  however,  lose  an  unusually  large  fraction  of  their  chemical  energy  release  by 
radiation  (30-60  percent),  suggesting  significant  energy  exchange  within  the  flames  as  well.  Nevertheless,  the  assumption  was 
adopted,  as  a  first  approximation,  to  avoid  the  complications  of  combined  sbveture  and  radiation  analysis.  Under  these  assumption, 
thr  conserved-scalar  formalism  can  be  used,  relating  an  scalar  properties  to  the  mixture  fraction  through  die  laminar  flamelet  state 
relationships. 

Turbulence  properties  were  found  using  the  Favre -averaged  formulation  of  Bilgcr  (i0),  but  wi;h  specific  modifications  and 
empirical  constants  due  to  Jeng  and  Faeth  (2).  The  governing  equations  can  be  written  in  the  following  generalized  form  (2): 

rd/dx(pu<f>)  +  d/dttrpvfy)  =  d/dr(rp«fr($  d^dr)  t  rS$  (1) 

where  $  =  1,  u,  f,  k,  e,  or  g.  The  formulation  is  based  on  Favre  (ir.ass-weighted)-avcragcd  quantities,  defined  as  follows  (10): 

»  p"$/p  (2) 


where  the  overbar  represents  a  convention*!  time  average.  Expressions  for  peff>  and  S$  appearing  in  Eqs.  (1)  are  summarized  in 
Table  2,  along  with  all  empirical  constants.  The  constants  were  established  by  matching  predictions  and  measurements  for  constant 
and  variable  density  round  jets  (2):  however,  ihey  are  not  much  different  from  values  originally  proposed  by  Lockwood  and  Naguib 
(9)  for  round-jet  flames. 


Under  present  assumptions,  instantaneous  scalar  properties  are  only  functions  of  the  instantaneous  mixture  fraction  through 


the  state  relationships  $(0  Given  $(0,  the  Favre -averaged  mean  and  variance  of  scalar  flow  properties  are  found  from  the  mass- 
averaged  (Favre)  probability  density  function  of  f,  P{f).  described  by  Bilger  (10).  For  example,  the  expression  for?  is  as  follows: 


pm 


(3) 
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Noting  that  (he  time-averaged  probability  density  function  of  f,  P(f),  is  given  by 

p<f)  -  piWfuo  (4) 

under  present  assumptions,  limc-avcragcd  scalar  properties  become  (10): 

♦  -  P  JoW0/p(0)PT0)df  (5) 

tactrolial  form  ch^/orK'ff'a  clfXd  **  “""V  =  V  ^  (5)  Prcdi',io1*  «  very  sensitive  to  ,hc 

variance  of  frO  are  found  from  the  follow^g^ini^s^^11011  w“  UKd-  ,0f“  wolk  <T9>-  The  most  probable  value  and 

7.  /Qf  l*(0df;  g  -  Jo(f-?>2p(0df  (6) 

where  both  f  and  g  arc  known  from  the  solution  of  Eqs,  (1). 

and  is  b0Und^  COnd,Uom'  "nd  nu™ri‘-al  solut.on  of  the  equations  was  s.nular  to  earlter  work  ,  1  -8) 

obtainedftMnmeasurements fnthe7al?ln™  ^  SpCCieS  ,he  “eetylene/a.r  and  e.hylene/atr  diffusion  flames  were 

fuel  equ, valence  ratio  (a  single  valied  f“  of  JUx.uro  ^  '°'  ,C'ly!ene  m  P>«W  as  a  funct.on  of 

burner  flow  rates  were  considered  but  only  the  last  vnriahti. d?Vr  L£S  \fnd  \  VanoL‘s  rad,a{  positions,  axial  positions  and 
assumption  of  local  S'jSi0  rcduc<  gutter  of  the  figures.  Predictions  based  on  me 

figures:  these  results  were  obtained  using  the  Gordon  and  McBride  mt  ^tr  F;n,jCnt  and  ad,aba,lc  combustion)  also  appear  on  the 
equilibrium  for  fuel-lean  conditions,  but  deptm  approeiabl^  from {l*S ^ meastitemems  approttmate  locaJ  ihenmodynamic 

(lean)  region  of  the  turbulent  diffuston  flames ''find'lngs  foracetytenc  are^hlstrated  n  pa™"ardifl'1.sjon  namcs  and  in  ,he  overfire 
flames  first.  The  highest  concentrations  of  soot  are  confined  m .vEf.S'  J  ™cd  m  F,«r  4-.  Consider  the  results  for  the  laminar 

just  on  the  fuel-rich  side  of  the  stoichtomeinc  condition.  The  spike  appeal  du™o  ^"com^riil^rec0"5’  y'f  d,ns  a  sPikc 
conditions,  and  soot  oxidation,  as  stoichiometric  condition'  an-  mSut  si.-  compet.tioo  between  soot  tormation,  fornch 
soot  spike,  therefore,  mixture  fractions  were  estimated  by  imereolatine  nlots  of  ™xnw/fri ldc-,; ,tr*uo™  could  "«!  >>e  measured  in  Ihe 
gtven  heigh,  above  the  burner,  n*  uncenain.y  of  thi^ p“ X " hfgh s «T.te V"*"0?  of  radi,al  diMa"«  a 
positions  (x  =  14  and  16  mm),  where  finite-rote  chemistry  and  ereo^  i  m,.^i  -  e*f  ^P*  for  results  at  the  lowest 
crudely  universal,  allhough  the  correlation  is  clearly  rot  as  rood  a<  fnr  m^r  !  T  a  i°n  Procedure  may  be  factors,  the  results  arc 
divergence  from  untvcrskty  of  -he  ZZ noV K  2  F‘f  ‘  a"d  2>  "™-  the 

Uncertainties  and  the  status  of  current  capabilities  for  Predicting  vmi  ?°u,  „  ,ar#Lin  view  of  experimental 

the  soot  volume  fraction  state  relationship  lor  fuel-rich  conditions  was  fitted  bv  avrracinod f namf s  Therefore,  a  correlation  of 
results  at  the  lowest  two  positions  -  as  shown  in  Fig.  4  y  vcra£mfi  at  each  mixture  fraction  -  excluding 

relahonrhi^muu^obefoundTfor^wTIeincmidhSns^leasiiremcnts ?n!IheolrbrfCnt  a"  ‘°oting;  -herefore.  state 

mixint.  of  JjZ’H'thr  i  nV'''’-' ^  M  *  F*"*uuiar  soot  volume  traction  and  mixture  faction  followed  bv  j^iv- 

mamg  o.  s^(H  in  the  Icii  region.  Tins  implies  a  constant  volumetric  soot  ecnentioo  coefficient  m-Onlla  .  .  D>  v 

SSS5aSS5SSS3SS?*  "  “  *•  «fi *> ' v-  nS.“!K£S‘sSl5Ss 

above  the  burner  on  this  correlation  for  acetylene-  therefore  a  sinnle  iinV™IT „ u  !i? '  b  Reynolds  number  or  height 

merges  with  the  stale  relationship  for  verv  lean  condition'  'v-h---”-tTF,-i  r,  t,  ?  s  ™cs  a  bc  rocasilrcm;ni  conditions.  This  line 

Kesults  concerning the  soot  volume  Iraction  state  relationships  for  ethylene  are  illustrated  in  Hii.  s  ru- t  ,  . 

fucl-r.ch  conditions  are  similar  io  acetylene  exhibitine  a  larpe  snot  srntn  tsp..  i*  Fbc  laminar  results  lor 

departures  seen  for  the  .owes,  positions, 

furors.  These  ftnd.ngs  were  correlated  simtlar  to  acetylene,  inking  a  soo, 

.t  Measurements  for  the  lower  Reynolds  number  turbulent  etliylene  fiatne  illustrated  for  ,ean  ,  t.  s 

Jhe.b^er,  sineuhe  soo,  spdve  is  much  hi/her  in  comparison^ ^ 
This  behavior  may  be  responsibly  for  the  larger  degree  of  data  wmvr  »<.  ~  a-  ror  rtll>lc»^  inan  for  acetylene. 

Reynolds  number turbulcntnamc.  stoichiometric  conditions  are  approached  for  the  low 

In  contiast.  the  results  for  the  high  Reynolds  number  ethylene  flame  illustrat'd  ;n  Fio  *  ,  ui 

.00,  volume  fraeuon  siate  relaitonship  in  the  sw,  trax.ng  region.  Even  a,  lowliTti^  ^fions,  where  XtSbS 
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fluctuations  arc  small,  ihc  scalar  of  the  measurements  exceeds  experimental  uncertainties.  This  behavior  could  indicate  failure  of  the 
laminar  flamclet  concept  for  soot  volume  fractions  due  to  effects  of  finite-rate  chemistry.  The  high  Reynolds  number  turbulent 
ethylene  flame  has  the  shortest  characteristic  residence  rime  of  all  the  turbulent  flamer,;  while  Becker  and  Liang  (26,27)  find  that  larger 
characteristic  residence  times  are  needed  to  reach  the  plateau  region  for  soot  generation  efficiencies  for  ethylene  than  acetylene.  Since 
characteristic  residence  times  vary  fer  different  paths  through  the  flame,  this  would  imply  different  soot  volume  fractions  when  sou 
oxidation  is  quenched;  and  different  correlations  of  soot  volume  fractions  as  a  function  of  mixture  fraction  during  passive  mixing  in 
the  lean  portion  of  the  flame.  Thus,  results  illustrated  in  Fig  5  suggest  potential  for  a  soot  volume  fraction  state  relationship  for 
sufficiently  long  characteristic  residence  times,  with  possible  breakdown  of  this  condition  for  the  high  Reynolds  number  flame. 
More  precise  experimental  results  are  needed  to  confirm  this  cotyecturc;  for  lack  of  an  alternative,  however,  the  correlation  illustrated 
in  Fig.  5  was  used  for  subsequent  radiation  calculations. 

Flame  Radiation  spectral  radiation  intensities  were  found  using  the  Goody  statistical  narrow  band  model  with  the  Cums- 
Godson  approximation  for  inhomogeneous  gas  paths,  following  Ludwig  ei  al.  (21).  This  involves  solving  the  equation  of  radiative 
transfer 


3li/3s  -  pKx  ((CM,  /  n)  -  lx  (7) 

along  a  path  through  the  flame.  All  paths  eminated  from  a  cold  boundary;  therefore,  lx  (0)  was  negligible.  The  computer  program 
RADCAL,  developed  by  Grosshandlcr  (36),  was  used  for  these  calculations;  considering  the  gas  bands  of  CO^,  CO,  HjO  and  CH4, 
as  well  as  continuum  .adiation  from  soot  at  the  small-particle  limit. 

Turb  ilcncc  radiation  interactions  were  either  ignored,  by  basing  predictions  on  time-averaged  mean  scalar  properties 
evaluated  from  Eq  (o);  or  considered,  using  a  stochastic  method  due  to  Jeng  cl  al.  (4).  The  stochastic  method  involved  dividing  the 
radiation  path  into  dissipation -scale  sued  eddies,  as  follows  (37): 

U-C^k^/e  (8) 

Each  eddy  was  assumed  to  have  uniform  properties  at  each  instant.  The  probability  density  function  ol  mixture  fraction  for  each 
eddy  was  randomly  sampled  to  provide  a  realization  of  scalar  properties  along  the  path,  in  conjunction  with  the  state  rciulionships. 
Spectral  radiation  intensities  were  then  computed  for  each  realization,  similar  to  the  mean-property  method,  averaging  sufficient 
realizations  to  obtain  the  time-averaged  spectral  intensity.  All  properties  needed  for  the  stochastic  solution  are  available  from  the 
structure  analysis;  therefore,  the  procedures  is  closed  (4). 

Radiative  heat  fluxes  were  computed  using  the  mean-property  method,  in  conjunction  with  Ihc  discrete-transfer  approach  of 
Lockwood  and  Shah  (38).  This  involved  summing  spectral  intensities  for  120  paths  through  the  flame,  to  cover  the  field  of  view  of 
the  sensor;  and  for  the  wavclengih  range  having  significant  radiance,  after  allowing  for  the  cut-off  of  the  sapphire  window  of  the 
sensor  (500  -  5500  nm). 

4.  RESULTS  AND  DISCUSSION 

Flame  Structure.  Only  a  sample  of  predictions  and  measurements  of  flame  structure  will  be  considered,  in  order  to  indicate 
the  capabilities  of  the  structure  analysis.  Additional  results  can  be  found  in  (14-16).  Predicted  and  measured  mixture  fraction 
distributions  for  the  turbulent  ace tylene/uir  flames  arc  illustrated  in  Fig.  6.  Results  are  plotted  as  a  function  of  r/x  at  various  heights 
above  the  burner  exit.  The  flame  tips  (based  on  the  location  of  the  mean  stoichiometric  mixture  fraction  along  the  axis)  arc  reached  at 
x/d  ~  75  and  80  for  the  low  and  high  Reynolds  number  flames.  Favre-averaged  predictions  are  shown,  however,  the  differences 
be:  ween  Favre-  and  time-averaged  mixture  fractions  are  less  than  15  percent.  The  degree  of  density  weighting  of  the  measurements 
is  unknown.  The  agreement  between  predictions  and  measurements  is  reasonably  good,  typical  of  similar  comparisons  for 
nonluminous  flames  (1-8).  Largest  discrepancies  are  observed  at  x/d  «  130  for  the  low  Reynolds  number  flame;  they  are  probably 
due  to  ambient  disturbances  that  are  difficult  to  control  for  strongly  buoyant  flows  far  from  the  burner  exit. 

Predicted  and  measured  mean  and  fluctuating  streamwisc  velocities  and  mean  gas  species  concentrations  along  the  axis  of  the 
high  Reynolds  number  acetylene  flame  arc  illustrated  in  Fig  7.  Time -averaged  velocities  were  measured,  while  the  analysis  only 
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averaged  velocity  fluctuations  can  be  up  to  40  percent  greater  than  Favre  averages  near  the  flame  tip  (22).  F'uithcrmorc,'u  ‘  has  been 
estimated  from  k  assuming  isotropic  turbulence:  for  typical  levels  of  anisotropy  near  the  axis  of  turbulent  diffusion  flames, tT  would 
be  roughly  20  percent  higher  (22).  In  view  of  these  considerations,  the  comparison  between  predicted  and  measured  velocities  is 
reasonably  good.  The  analysis  provides  both  Favre-  and  time-averaged  values  of  mean  scalar  properties  but  differences  between  the 
two  are  not  large.  The  comparison  between  predictions  and  measured  species  concentrations  is  reasonably  good,  typical  of  results 
for  nonluminous  flames  (1-8),  suggesting  comparable  performance  of  the  state  relationships  for  gas  concentrations  for  the  heavily 
sooting  acetylene  flame. 

Predicted  and  measured  time-averaged  soot  volume  fractions  in  the  turbulent  acetylene  flames  are  illustrated  in  Fig.  8.  Trends 
with  respect  to  position  and  Reynolds  number  are  predicted  reasonably  well,  using  the  single  scot  volume  fraction  state  relationship. 
The  greatest  differences  between  predictions  and  measurements  are  observed  near  the  edge  of  die  flow  at  x/d  -  53  This  could  be  due 
to  the  mixing  analysis,  since  mixture  fraction  widths  are  underestimated  at  this  position,  see  Fig.  6.  However,  similar  to  the  laminar 
flames,  soot  levels  in  the  lean  region  may  be  lower  than  the  state  relationship  for  positions  relatively  near  the  burner. 

Results  for  the  ethylene  flames  were  similar,  aside  from  somewhat  poorer  predictions  of  mixing  levels,  indicated  by  the 
mixture  fraction  distributions.  The  state  relationships  for  gas  species  performed  reasonably  well.  Predictions  of  soot  volume 
fractions  were  also  reasonably  fpo,  in  spite  of  the  significant  data  scatter  seen  in  Fig.  5  for  the  coirelation  of  the  soot  volume  fraction 
slate  relationship.  Taken  together,  the  structure  nredirrions  were  sufficiently  mrourapinp  to  nrorred  w|rh  consideration  of  flame 
radiation  properties,  discussal  next. 

Monochromatic  Transmirtivities.  Predictions  and  measurements  of  laser  extinction  by  root,  for  the  high  Reynolds  mmibcr 
turbulent  acetylene  flame,  are  illustrated  in  Fig.  9.  Measurements  at  514.5  and  632.8  nm  are  consistent  with  the  reciprocal- 
wavelength  dependence  of  extinction  coefficients  al  the  small-particle  iimit,  justifying  this  approximation  in  the  an  Jysis.  Three  sets 
of  predictions  for  extinction  at  632.8  nm  are  shown:  (1)  the  stochastic  method  with  the  complete  soot  volume  fraction  state 
relationship.  de;ioted  SFOCH.  B.T.;  (2)  the  stochastic  method,  but  ignoring  the  soot  mixing  region  of  the  soot  volume  fraction  state 
relationship,  denoted  STOCH,  N.B.T.;  and  (3)  the  mean-property  method  with  the  complete  soot  volume  fraction  state  relationship, 
denoted  MEAN,  B.T.  The  stochastic  and  mean- property  predictions  using  the  complete  soot  volume  fraction  state  relationship  are 
nearly  the  same,  indicating  small  effects  of  turbuknce/rMliation  interactions  for  extinction  by  soot.  The  role  of  soot  in  the  lean  region 
can  be  seen  by  comparing  results  with  and  without  the  wot  mixing  portion  of  the  state  relationships.  Results  at  the  upper  petitions 
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show  that  neglecting  the  soot-mixing  region  causes  substantial  underestimation  of  extinction  In  contrast,  measurements  ai  flic  lowest 
position  are  better  represented  by  omitting  ihe  soot  mixing  region,  which  could  be  an  indication  tful  the  turbulent  flames  do  not  emu 
much  soot  into  the  lean  region,  near  their  base,  similar  to  tlic  laminar  flames. 

Predictions  and  measurements  of  laser  extinction  by  soot,  for  the  high  Reynolds  number  turbulent  ethylene  flame,  arc 
illustrated  :n  Fig.  10.  These  results  arc  foi  632.8  pin,  with  predictions  using  the  complete  soot  volume  fraction  state  relationship. 
Like  acetylene,  there  is-Jinlc  difference  between  predictions  using  the  mean  property  and  stochastic  methods,  suggesting  small  effects 
of  turbulcrce/radiaiion  interactions  for  extinction  Also,  similar  to  acetylene,  predictions  underestimate  turismittivitics  near  the 
burner,  which  may  indicate  lower  levels  of  soot  emission  into  the  lean  region  titan  positions  nearer  the  tip  of  the  flame.  However, 
recalling  that  this  flame  exhibited  fxxwcr  agreement  with  the  soot  volume  fraction  state  relationships  than  all  the  other  flames,  see  Pig. 
5,  t lie  comparison  between  predictions  and  measurements  is  encouraging. 

Spectral  Radiation  Intensities  Measurements  and  predictions  of  spectral  radiation  intensities,  for  the  high  Reynolds  number 
turbulent  acetylene  flame,  rrc  illustrated  in  Fig.  II.  These  results  are  for  horizontal  paths  through  the  axis  of  the  flame,  at  locations 
before,  near,  and  after  the  flame  lip  (which  is  at  x/d  «  70  80).  Predictions  arc  based  on  the  complete  soot  volume  ft  action  state 
relationship,  both  ignoring  and  considering  effects  of  turbulencc/radiation  interactions. 

The  spectra  in  Fig.  11  are  dominated  by  continuum  radiation  from  soot,  however,  gas  bands  at  1140,  1870,  2700  and 
particularly  4300  nm  can  still  be  seen.  Differences  between  mean  property  and  stochastic  predictions  suggest  significant  effects  of 
turbulencc/radiation  interactions,  with  stochastic  predictions  being  40- 100  percent  higher  ihan  mean  property  predictions  near  peak 
spectral  intensities  in  the  continuum  portions  of  the  spectra.  Since  the  extinction  results  exhibited  little  effects  of  turbulencc/radiation 
interactions,  the  nonlinearity  of  the  Planck  function  with  temperature  is  probably  the  main  cause  of  this  behavior  Tie  comparison 
between  predictions  and  measurements  is  encouraging,  particularly  for  the  stochastic  approach.  Discrepancies  are  largest  at  the 
highest  position,  where  inaccuracies  in  the  temperature  predictions  are  probably  responsible  for  the  problem  (15).  .his  region  is 
generally  fuel-lean  for  the  entire  optical  path;  therefore,  inc  flow  tends  to  absorb  energy  emitted  from  high  temperature  regtons.  since 
it  contains  appreciable  concentrations  of  soot  and  other  absorbers  in  the  infrared.  Thus,  actual  temjjeiaturcs  arc  probably  greater  than 
present  predictions,  which  are  based  on  the  assumption  that  2  uniform  fraction  of  the  chemical  energy  release  is  lost  from  all  portions 
of  the  flame.  Furthermore,  spectral  intensities  in  the  continuum  arc  very  sensitive  lo  flow  tcnijtcraturcs  in  this  region:  for  example,  a 
5  percent  temperature  increase  caused  roughly  a  50  percent  increase  of  the  spectral  intensity  at  1770  nm.  Such  effects  arc  most 
apparent  when  the  flame  has  a  high  radiative  heat  loss  fraction  (59  percent  in  this  case),  suggesting  significant  energy  exchange  by 
radiation  within  the  flame  as  well.  Coupled  structure  and  radiation  analysis  are  required  to  remove  this  deficiency. 

Measurements  and  predictions  of  spectral  radiation  intensities,  for  the  high  Reynolds  number  turbulent  ethylene  flame,  are 
illustrated  in  Fig.  12.  Similar  to  acetylene,  spectral  intensities  for  horizontal  paths  through  the  flame  axis  are  shown,  at  locations 
before,  near  and  after  the  flame  tip  (which  is  at  x/d  =  90  -  100).  While  the  spectra  are  still  dominated  by  continuum  radiation  from 
soot,  the  gas  bands  arc  more  prominent  than  for  acetylene,  since  ethylene  has  much  lower  soot  concentrations,  lire  agreement 
between  the  stochastic  predictions  and  the  measurements  are  somcwh.it  better  for  ethylene  than  for  acetylene,  even  though  the 
correlation  of  the  soot  volume  fraction  Slate  relationship  was  poorest  for  this  ethylene  flame,  ef.  Figs  4  and  5.  This  is  probably  due 
to  lower  levels  of  radiant  energy  exchange  within  the  ethylene  flame,  due  to  its  lower  radiative  heat  loss  fraction,  which  is  more 
representative  of  the  approximations  of  the  analysis.  Differences  between  mean  property  and  stochastic  predictions  suggest 
Significant  effects  of  turbulencc/radiation  interactions  in  the  ethylene  flame,  similar  to  acetylene. 

Kadiativc_Hcat  Fluxes.  Measurements  and  predictions  (using  the  mean  property  method!  of  radiative  heat  flux  distributions 
near  the  turbulent  ethylene  flames  are  illustrated  in  Fig.  13-  These  results  arc  for  a  detector  facing  the  flame  axis  and  traversing 
vertically  at  a  distance  of  575  mm  from  the  axis.  Radiative  heat  fluxes  arc  highest  near  the  flame  tip  (ca.  x  =  500  mm  or  x/d  =  100  for 
the  high  Reynolds  number  flame,  and  slightly  nearer  to  the  burner  exit  for  the  low  Reynolds  number  flame).  Reducing  the  Reynolds 
number  causes  predicted  radiative  heat  fluxes  to  drop  in  a  proportional  manner,  even  though  the  state  relationships  for  scalar 
properties  arc  taken  to  be  the  same  for  both  flames  This  is  due  to  the  smaller  dimensions  of  the  lower  Reynolds  number  flame, 
caused  by  increased  effects  of  buoyancy.  The  mean  property  method  tends  to  underestimate  the  measurements,  while  predicting 
trends  with  respect  to  position  and  burner  Reynolds  number  reasonably  well.  This  behavior  follows  from  the  performance  of  this 
approach  concerning  spectral  radiation  intensities,  suggesting  that  use  of  the  stoch.irtic  method  would  yield  better  quantitative 
agreement  with  measurements.  Other  findings  concerning  radiative  heat  fluxes  in  the  present  luminous  flumes  yield  similar 
conclusions  (14,  15). 

5.  CONCLUSIONS 

Major  conclusions  of  the  study  are  as  follows 

1.  Consideration  of  both  laminar  and  turbulent  flames  suggests  nearly  universal  state  relationships  for  major  gas  species 
concentrations  in  soot-containing  ethylcnc/air  and  acetylene/air  diffusion  flames. 

2.  State  relationships  for  soot  volume  fractions  in  the  laminar  and  tu-bulent  flames  were  much  less  universal  than  gas 
concentrations,  particularly  at  short  residence  times  where  effects  of  finite  rate  kinetics  were  noted.  Nevertheless,  use  of 
universal  soot  volume  fraction  state  relationships  for  each  fuel  yielded  encouraging  predictions  of  flame  radiation  properties, 
while  circumventing  the  complexities  of  soot  chemistry  in  a  turbulent  flame  environment.  Further  evaluation  of  the  concept, 
for  a  wider  range  of  fuels  and  flame  conditions,  appears  to  be  warranted. 

3.  Effects  of  turbulence/radiation  interactions  were  significant  for  radiation  emission  from  soot,  but  were  not  veiy  important  for 
radiation  absorption  in  the  visible,  based  on  comparison  of  mean-property  and  stochastic  predictions. 

4.  The  performance  of  pit-uiciiuus  of  scalar  structure  for  tnc  luminous  flames  were  similar  to  earlier  findings  for  nonluminous 
flames  (1-8).  However,  radiation  predictions  for  acetylene  flames  were  generally  poorer  than  for  the  nonluminous  flames,  or 
even  the  luminous  ethylene  flame;;.  1*hc  main  reason  for  this  behavior  is  the  high  radiative  heat  loss  fraction  for  acetylene 
flames  (ca.  60  percent).  This  implies  significant  energy  exchange  within  the  flames,  which  is  not  considered  in  the  current 
analysis.  Coupled  structure  and  radiation  analysis  should  be  considered  to  remove  this  deficiency. 
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DISCUSSION 


P.N.Wild,  UK 

Do  you  think  this  type  of  modelling  is  applicable  to  spray  combustion  problems? 

Author’s  Reply 

While  I  have  never  used  it  for  spray  combustion,  1  think  that  it  should  work,  because  the  spray  tends  to  be  located  in 
regions  which  arc  quite  rich,  and  arc  fairly  widely  separated  from  the  flame  zone  itself  which  sets  up  that  chemistry. 


J  J.McGuirk,  UK 

Don’t  you  think  it  is  rather  surprising  that  you  can  get  away  with  a  single  scalar  description  to  characterize  heat  loss? 

Author’s  Reply 

I  don’t  really  know  what  the  heat  loss  was  from  the  laminar  flames.  We  have  looked  at  the  solution  of  the  enthalpy  equation 
for  these  flames,  and  it  had  little  effect  on  the  radiation  prediction.  We  will  investigate  further 


S.Candel,  FR 

Do  you  take  the  radiative  transfer  into  account  when  you  calculate  the  temperature  profile? 

Author’s  Reply 

We  assume  that  every  point  in  the  flame  loses  60%  of  the  chemical  energy  released,  and  based  on  the  knowledge  of  that 
enthalpy  and  the  composition  you  can  calculate  the  temperature. 


S.Candel,  FR 

What  happens  beyond  the  tip  of  the  flame?  Can  you  still  use  the  mixture  fraction  at  that  point? 
Author's  Reply 

We  continue  on  with  the  same  state  relationships. 


O.Gulder,  CA 

Why  did  you  select  these  two  particular  fuels,  since  they  are  not  aviation  fuels? 

Author's  Reply 

We  took  ethylene  because  there  were  considerable  data  from  oihci  investigators,  and  acetylene  because  it  is  inexpensive 
and  much  data  is  available  also. 
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FLAMELET  CHEMISTRY  MODELLING  OF  SOOT  P0RMA7I0N  FOR  RADIATION 
PREDICTION  IN  COMBUSTOR  FLOW  PIELDS 

Moss,  o , b , ,  Stewart,  C.D  and  5yod,  K.J. 

School  of  Mechanical  Engineering, 

Cronfield  institute  of  Technology,  Cranfield,  Bedford  MK43  OAL 


SUMMARY 

The  development  of  generalised  models  foi  radiative  heat  transfer  in  the  gas  turbine 
requires  the  detailed  prediction  of  the  turbulent  scalar  fields,  most  notably  foe 
temperature,  the  principal  gaseous  species  (fuel,  CO,  CO^  n nd  H2Q)  and  particulate  soot. 
Mixing  limited  descriptions  of  the  turbulent  combustion  process  have  proved  quite 
successful  in  modelling  the  effects  of  heat  release  or.  the  flowfield.  However,  the 
chemical  aspects  of  the  problem  -  fuel-specific  features  and  the  muL ti -componen t 
composition  -  are  poorly  reproduced. 

Laminar  flamelet  modelling,  in  which  the  underlying  scalar  relationship's  in  turbulent 
combustion  are  determined  from  'exact'  laminar  flame  calculation  or  experiment, 
currently  offers  the  best  prospect  for  incorporating  realistic  complex  chemistry  into 
the  computations. 

A  strategy  is  described  to  extend  laminar  flamelet  modelling  of  turbulent  non-premixed 
hydrocarbon  combustion  to  include  a  simplified  mechanise  for  soot  formation.  In  the 
absence  of  a  widely  applicable  multi-step  kinetic  mechanism  the  formation  rate  must  be 
inferred  from  detailed  measurement  but  comparatively  comprehensive  flowfield  modelling 
is  necessary  to  distinguish  fluid  mechanic  and  chemical  kinetic  effects  and  hence 
interpret  the  observations  in  model  terms.  The  effects  of  nucleation,  surface  growth 
and  agglomeration  are  accommodated  in  a  simplified  form  in  equations  describing  the 
evolution  of  soot  mass  fraction  and  number  density  in  the  flame.  Local  measurements  of 
soot  volume  fraction  by  loser  extinction  and  mixture  fraction  by  microprobe 
mass-spectcometr ic  sampling  in  planar  laminar  diffusion  flames,  burning  heavily  sooting 
fuels  of  ethylene  and  keroslne,  are  reported  and  have  then  been  modelled  and  predicted 
computationally  in  order  to  generate  the  basic  flamelet  relationships  necessary  for 
subsequent  incorporation  in  turbulent  flowfield  calculations. 

A  further  programme  of  measurements  with  these  fuels  burning  at  elevated  pressure  is 
underway  and  preliminary  results  up  to  pressures  of  3  atmospheres  are  reported. 


INTRODUCTION 

Confidence  in  the  capabilities  of  computational  flu-4d  dynamics  to  simulate  plausibly  the 
key  features  of  the  flow  in  complex  gas  turbine  geometries  continues  to  grow. 
Improvements  relative  to  such  numerical  aspects  as  computational  mesh  generation  and 
difference  schemes  (ef.,  Leonard  (1979))  have  been  matched  by  a  greater  concern  for  the 
limitations  of  physical  intuition  derived  from  more  traditional  non-reacting  turhnlpnt 
flows  and  accordingly  the  development  of  models  which  better  reflect  the  interaction 
between  turbulence  and  combustion  chemistry  (Libby  and  williams  (1980)).  Given  also  the 
wider  availability  of  major  computing  facilities,  numerical  simulation  can  play  an 
increasingly  important  role  in  the  design  process.  The  paucity  of  information  routinely 
available  from  within  the  combustor  -  and  the  restricted  insights  possible  from  exit 
plane  traverses  and  water  analogy  tests  -  make  detailed  numerical  simulation  of  the 
primary  uone,  for  example,  a  highly  prized  goal.  Accordingly  a  shift  in  emphasis  is 
discernible  in  modelling  studies;  away  from  the  prediction  of  pollutant  emissions  in  the 
exhaust  and  towaids  the  detailed  local  prediction  of  those  properties  with,  for  example, 
direct  implications  for  comnustor  durability  and  life.  These  embrace,  amongst  otheis, 
soot  formation  and  its  implications  tor  the  radiative  component  in  liner  heat  transfer, 
the  concern  of  the  present  paper. 

Targetting  on  the  detailed  prediction  of  tempe r acu re ,  gaseous  composition  and  soot  in 
the  moie  inhomogeneous  zones  within  the  combustor  requires  that  we  confront  the  problem 
of  modeling  turbulent  combustion  chemistry  at  the  necessary  level  of  detail.  In 
practical  flows  this  task  has  been  approached  largely  in  one  of  two  ways.  If  the 
emphasis  is  on  heat  release  and  its  impact  on  the  velocity  field  rather  than  chemical 
composition,  then  the  chemistry  may  be  considered  to  be  sufficiently  rapid  that 
snail  -  scale  tu;  be  lent  mixing  is  the  rale  Cvul  rolling  process  wner.ee  the  fuel 
disappearance  rate  can  be  prescribed  in  terns  of  turbulent  flowfield  properties  alone. 
Such  approaches  are  commonly  referred  to  is  ' eddy-Lr eak-up'  models  (after  Spalding 
(1971)).  An  equally  robust  alternative  is  to  combine  a  conserved  scalar  approach  (cf., 
Bilgec  (I960))  with  the  assumption  that  the  chemistry  is  again  fast  and  that  locai 
chemical  equilibrium  prevails  throughout  the  flowfiuld.  Mixture  fraction,  or  normalised 
fuel-ait  ratio,  is  a  conserved  property  -  free  from  the  immediate  effects  of  combustion 
chemistry  -  which  can  be  readily  determined  throughout  the  turbulent  flowfield  and  so 
characterise  the  process  of  scalar  mixing,  whilst  multicomponent  chemical  equilibria 
may  then  be  readily  computed  (Gordon  and  McBride  (1971)),  the  compositions  so  calculated 
are  largely  inappropriate  to  highly  inhomogeneous,  fuel-rich  combustion  regimes  in  which 
finite  cate  chemical  kinetics  prevai.1..  Additional  concerns,  the  effects  of  practical 
fuels  and  of  soot  formation,  for  example,  are  excluded  by  such  strategies.  A  more 
responsive  approach  to  these  problems  is  provided  by  laminar  flamelet  modelling  (Peters 
( 1984) ,  Liev  et  al  ( 1984b) ) . 
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The  direct,  incorporation  of  chemical  kinetic  calculations  within  the  framework  of 
threc-di mensio:it 1  turbulent  flowfield  prediction  is  r  lengthy,  and  hence  computationally 
expensive  task  even  for  much  simplified  global  reaction  schemes  (Fope  (1985),  for 
example).  The  laminar  flamelet  approach  separates  these  two  aspects  -  turbulent 
flowfield  calculation  and  detailed  combustion  chemistry  -  restricting  the  latter  to  a 
small  number  of  once-f or-all ,  'exact'  laminar  flame  calculations  or  to  prescription  from 
experiment.  At  the  microscopic  level  within  the  turbulent  flame,  combustion  is  a 
molecular  process  dominated  by  the  interplay  between  heat  and  mass  transfer  and  chemical 
kinetics.  The  flamelet  approach  assumes  that  at  this  level  the  processes  in  the 
turbulent  and  laminar  nor-premised  flames  are  substantially  the  same  and  further  that 
the  turbulent  flame  may  be  viewed  as  comprising  an  ensemble  of  laminar-like  floraelets 
The  detailed  structure  of  laminar  flames  can  be  determined  computationally  for  chemistry 
cf  arbitrary  complexity  -  at  least  to  the  extent  that  the  kinetic  mechanism  is 
vel 1-es tabl iched  -  or  can  be  analysed  in  detail  experimen-  tally.  If  the  flamelet 
structure  is  described  in  conserved  scalar  space  (mixture  fraction).  Lather  than 
physical  space,  a  substantial  measure  of  similarity  is  evident  in  the  data  from 
different  locations  in  the  same  flame  ol  different  flame  configurations. 

Moss  (1987)  describes  the  application  of  this  approach  to  the  more  complex  hydrocarbon 
fuels  of  practical  interest.  Figure  1  illustrates  the  flamelet  profile  for  kerosine-air 
nor-prenixed  combustion,  computed  using  a  semi-global  fuel  disappearance  step  of  the 
fOCM 

CnH.  +  jn  Oj  - >  nCO  ,  |-ni  H2 

supplemented  by  a  detailed  mechanism  tor  the  oxidation  of  CO  and  H2  (cf.,  Liew  et  al 
(1984a)).  A  variety  of  rate  expressions  for  fuel  disappearance  steps  of  this  form  have 
been  reported  (cf.,  westbroox  and  Dryer  (1984));  the  profiles  illustrated  have  used  the 
chemical  race  expression  of  Edelman  and  Fortune  (1969)  although  other  alternatives  have 
been  investigated  ( Askari-Sac dhai  (1907)). 

Once  the  basic  flamelet  profile  has  been  established  as  a  function  of  mixture  fraction, 

-  ♦  (C),  say,  \t  may  be  stored  as  a  library  file  to  be  simply  called  during  the 
turbulent  flowfield  calculation.  The  statistical  character  of  the  turbulent  mixing 
process  is  accommodated  in  the  prediction  of  mixture  fraction,  C-  Favre-ave rage  balance 
equations  for  the  mean  and  variance  of  mixture  fraction,  which  are  free  of  any 
chemistry. 


are  then  added  to  those  of  a  similar  form  for  continuity,  momentum,  energy,  turbulence 
kinetic  energy  and  its  dissipation  raf^.  From  their  simultaneous  solution  at  discrete 
points  throughout  the  computational  domain,  a  probability  density  function  Em  O  can  be 
constructed  which  describes  the  distribution  of  instantaneous  values  of  C  realised  at 
these  points.  The  average  compos i tier,  at  each  point  may  then  be  determined  simply  by 
quadrature,  namely 


*a  "  dC  •  (i) 

o  •* 

(flamelet'i  (  pdf  for  \ 

\  profiled  Imixture  fraction; 

The  approach  has  been  described  extensively  in  the  references  cited  and  the  brief 
outline  presented  here  seeks  simply  to  emphasise  that  it  is  particularly  attractive  for 
the  modelling  of  complex  chemistry,  and  for  present  purposes  soot,  because  the  level  of 
detail  Introduced  in  the  laminar  flamelet  does  not  compromise  the  flowfield  computation 

Soot  Formation  in  Laminar  Flamelets 


The  complexities  of  soot  chemistry  in  flames  are  formidable.  Whilst  a  measure  of 
concensus  is  discernible  in  the  several  comprehensive  revj-vs  of  the  subject  reported  in 
recent  years  (c.f.  Haynes  and  Wagner  (1981))  a  detailed  me- har.ism  with  confidently 
documented  elementary  step;  is  r.ct  available.  For  purposes  of  combustor  fjowfield 
prediction  the  prescription  of  the  microscopic  processes,  embodied  in  the  laminar 
flamelet..  must  therefore  be  empirically  determined.  The  experimental  approach  to  this 
problem  is  described  in  the  following  section  but  it  is  appropriate  to  review  briefly 
here  what  kind  of  data  is  sought  and  how  it  is  to  be  interpreted  and  applied. 

The  strategy  which  most  closely  parallels  that  applied  to  the  g&seous  composition 
outlined  earlier  is  simply  to  specify  soot  mass  (or  volume)  fraction  as  a  function  of 
mixture  fraction  through  a  laminar  diffusion  flame,  analogous  to  the  species  profile 
( O .  Such  an  approach  has  been  reported  by  Gore  and  Faeth  (1986)  with  a  view  to 
radiation  prediction  from  fires  but  there  are  evident  shortcomings  in  such  an  extension 
to  soot,  whilst  heat  release  chemistry  is  fast  and  the  rates  of  molecular  transport  in 
the  flame  are  all  broadly  comparable,  whence  a  measure  of  similarity  for  gaseous  species 
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in  mixture  fraction  space  is  to  be  expected,  the  same  reasoning  will  not  apply  to 
particulate  soot.  The  chemical  rates  for  key  processes  -  nucleation,  surface  growth  and 
coagulation,  for  example  -  differ  widely  and  are  controlled  by  quite  different 
mechanisms,  whilst  mass  diffusion  for  the  particulate  phase  may  be  negligible.  Without 
this  simplification  the  goal  of  the  laminar  flame  experiment  must  therefore  be  less 
direct  and  specifically  be  the  identification  of  an  appropriate  soot  formation  rate  as  a 
function  of  mixture  fraction,  w§(t),  which  will  provide  a  compact  source  term  for  the 
turbulent  flowfieJd  prediction  of  average  soot  mass  fraction  of  the  form 

w  ■  i  (o  m»  at. 

0  ^ 

Direct  measurements  of  soot  volume  fraction  in  a  laminar  flame  are  therefore 
insufficient  in  themselves.  They  must  be  interpreted  in  the  light  of  a  model  which  can 
be  carried  over  to  the  turbulent  flame,  of  the  simpler  models  of  soot  formation 
available  in  the  literature  we  have  adopted  the  essential  features  of  that  due  to 
Gilyaretdinov  (1972).  The  impact  Of  the  processes  o£  nucleatiun,  surface  growth  ana 
coagulation  on  soot  mass  fraction,  ms,  and  number  of  density,  n,  are  represented  by  the 
equations 


<x(C) 

(nucleation) 


modrj 

(coagulation) 


-  •  y(  On  +  61 1> 

dt  (surface  (nucleation) 

growth ) 

where  the  respective  rates  a.,  y,6  are  explicit  functions  of  local 

density  p,  temperature  T,  parent  fuel  concentration  xc  and  Nc  is  Avogadro's 
nur.\ber  (6  x  lO*6), 

a  -  Cm  pJTl/2Xc  sxp  [  -  Ta/TJ 


Y  •*  Cy  pTw  exp  l-  Ty/Tj 


where  Cm  e  ,  6  ate  fuel-type  dependent  constants  and  Ta ,  Tr  ate  activation  temperatures. 
These  parameters  will  be  determined  empirically. 

The  flexibility  of  such  a  simple  model  to  acccommoda te  different  fuels  and  working 
pressures  will  emerge  in  the  light  of  comparisons  between  prediction  and  experiment. 

For  this  purpose  egns.  (4)  and  (5)  must  evidently  be  incorporated  into  the  complete 
laminar  flowfield  prediction  described  more  fu.lly  later. 

Experimental  Detail 

a  Kolfhard-r-arker  bi  rner  has  been  constiucted  in  both  two-  and  three-slot  configurations 
<cf...  fig.  2),  producing  a  substantially  two-dimensional  thin  flame  suitable  for 
line-of-sight ,  but  effectively  localised,  laser  extinction  measurements  of  soot  volume 
fraction.  Similar  geometries  have  been  successfully  investigated  experimentally  in 
sooting  studies  at  atmospheric  pressure  by  Kent  and  Waim”-  (1932)  and  Smyth  et  al 
(1985),  amongst  others.  The  slots  are  4.8  cm  in  length  and  0.7  cm  in  width  in  the  cat? 
of  the  2-slot  burner  and  again  4.8  cm  in  length  for  the  3-slot  burner  but  with  widths  of 
9  mm  and  6  mm  for  the  outer  air  slots  and  central  fuci  slot  respect i /ely .  The 
transmitted  intensity  of  the  low  power  He-Ne  laser  beam  (at  633  nm) ,  aligned  parallel  to 
the  reactant  slots,  is  measured  by  the  silicon  photo-  detector  as  the  slot  burner  is 
traversed  perpendicularly  to  the  beam.  The  variation  in  soot  concentration  through  the 
flame,  from  fuel-rich  (C  =  1.0)  to  air  (  C.  »  0)  streams,  gives  rise  to  an  absorption 
profile  which  is  readily  interpreted  in  terms  of  the  distribution  for  soot  volume 
fraction  (Kerker  (1969)  ).  Whilst  the  two-slot  burner  produces  a  more  uniform  and 

extensive  curved  two-dimensional  flame  sheet,  the  absence  of  an  enclosed  flame  tip  leads 
to  excessive  soot  deposition  in  downstream  regions  which  in  turn  causes  experimental 
difficulties  and  therefore  the  majority  of  measurements  reported  here  were  made  in  the 
more  traditional,  over-  ventilated  three-slot  geometry.  Excessive  carbon  build-up  on 
the  stabilising  gauzes  and  sampling  probes  has  proved  a  particular  problem  for  heavily 
sooting  fuels,  for  example  ethylene  and  kcrosine,  and  during  high  pressure  operation. 

The  burner  operates  satisfactorily  with  both  gaseous  and  pr e -vapo r i sed  liquid  fuels. 

The  small,  but  steady,  fuel  supply  in  the  latter  case  (-  0.6  g/min)  is  provided  by  a 
f ir.s  spray  into  a  r a 3 1 •» f * v c » y  hcctc*-  brass  chamber,  pval t icricu  uc'irath  the  fuel  slot  ai 
a  working  temperature  some  100  K  in  excess  of  the  fuel  boiling  point.  Flow  smoothing  in 
the  slots  and  shield  flow  is  effected  by  filling  the  cavities  witn  glass  beads.  The 
complete  burner  assembly  is  mounted  on  a  motorised  traverse  inside  a  cylindrical 
pressure  vessel  designed  to  withstand  pressures  not  exceeding  15  bar.  Typical  air  and 
fuel  flow  velocities  are  10  ems  and  1,8  ems  respectively. 

As  we  indicated  in  the  previous  section  the  key  to  the  approach  lies  in  the 
cha ra ct e r i sa t i on  of  the  relationship  between  soot  volume  fraction  and  a  conserved 
scalar,  the  mixture  fraction  C.  The  latter  is  determined  in  the  present  experiments 
mass  spectrometric  microprobe  sampling.  Given  the  particular  importance  of  temperature 
in  soot  formation,  the  sampled  composition  data  are  supplemented  by  fine  wire 
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thermocouple  ( 50,yin  Pi  -  l»t/Rh)  measi^t ements  of  temperature.  Probe  sampling 
staall  orifices  (-  0,2  mm!  in  the  presence  of  significant  quantities  of  soot 
difficult.  Determination  of  local  mixture  fraction  and  detailed  species  pro 
though  comparatively  straightforward  in  the  higher  H-C  ratio  fuels  (cf.,  dat 
fig.  3 ) ,  has  therefore  been  abandoned  in  favour  of  the  simpler,  more  direct, 
of  mixture  fraction  alone.  A  second  quartz  probe,  mounted  inside  the  sampli 
supplies  excess  oxygen  to  the  sampled  gases  which,  in  conjunction  with  a  hea 
catalyst,  then  converts  all  the  carbon  present,  even  in  fuel-rich  regions  in 
is  unbucnt  fuel,  to  carbon  dioxide.  The  peaks  at  mass  numbers  corresponding 
dj  are  then  monitored  by  the  mass  spectrometer  (VG  Micromass)  and  from  their 
carbon  element  mass  fraction  is  derived.  This  strategy  has  proved  sat  is fact' 
range  of  mixture  fractions,  typically  <  ,  <  <  <  0.3,  for  which  there  is  sign 
formation. 


through 
is  naturally 
files , 

a  for  CH^  in 
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The  spacing  of  the  probes  and  laser  beam  is  held  fixed  as  the  burner,  and  hence  the 
flame,  is  traversed  relative  to  them.  Soot  build-up  on  the  thermocouple  is  minimised 
by  rapid  one-sided  traversing  from  air  to  fuel  and  effectively  making  transient 
measurements.  The  response  tine  of  the  mass  spectrometer  makes  this  strategy 
inappropriate  however  to  the  composition  measurements.  The  probe  is  located  at  each 
measuring  point  fer  approximately  30  seconds  in  critically  sooting  regions.  To  date 
most  of  the  data  has  been  obtained  at  atmospheric  pressure  and,  for  ease  of  handling  in 
the  preliminary  experimental  phase,  with  ethylene  as  fuel.  Stable  flames  have  however 
been  burnt  up  to  pressures  of  7  bar  and  some  measurements  wiLi  be  reported  in  the 
following  section  at  3  bar. 

Measurements  and  Model  Interpretation 

Results  from  a  typical  combined  thermocouple  and  laser  extinction  traverse  are 
illustrated  in  fig.  <3.  The  centre-line  temperature  and  laser  absorption  level  will 
evidently  increase  with  height  until  the  flame  tip  is  reached.  In  the  steady-state 
laminar  diffusion  flame  it  is  the  variation  of  soot  volume  fraction  with  height  which 
diagnose  the  rate  of  soot  formation,  identified  in  eqns.  (4)  and  (5).  Soot  volume 
fraction  is  inferred  from  the  relative  transmitted  intensity,  I/I  ,  of  radiation  at 
wavelength  X  using  the  standard  expression 

Xln ( I  /I )  f ( n2  -  k2  +  2 ) 3  +  4n:  k] 


where  n,K  denote  the  complex  refractive  index  n  -  ix.  Some  uncertainty  surround^  these 
latter  parameters  and  in  particular  the  imaginary  component,  depending  on  both  the 

?f  £he  and  the  “fthod  of  measurement .  The  values  employed  in  the  present 

U987  )  1  -92  ”  °'451''  "ere  taken  £rom  the  recent  experiments  of  Mullins  and  williams 

v?lumf  fraction  with  height,  represented  hy  the  peak  value  and  the 
spread  in  mrxture  fraction  space,  is  illustrated  by  fig.  S  for  ethylene  fuel  burninq  at 
atmospheric  pressure.  Wrth  the  exception  of  the  flame  base,  where  limited  mien^!^  and 

flaie  (Indnhene/i?f  oc‘iufs'  ^he  1?cal  peak  val'JI!  increases  steadily  vlth  height  in9the 
f’**'  !fnd  h  n'e  elapsed  time  I .  The  spread  of  the  sooting  regime  in  mixture  fraction 
redue/nn  n  d?C ! 63 ^  W1£h  ‘"'trann,  height,  essentially  through  the  progressive 

reduction  on  the  rich  side  which  accompanies  downstream  mixing.  There  is  also  some 
evidence  of  a  nrnnrocciv*  Hi  c  r.1  *.  - ».  .  „  t  -'wwc 

as  fuel  fin  Substantially  higher  leveis  are  observed  with  ketosine 


It  is  clear  from  these  data  thr t  there  is  an  intimate  link  between  the  experimental 
anf  the  °*rfcrvations.  If  a  simplified  representation  of  tne  formation 
rate  X.  to  be  inferred  iron  such  experiments,  a  complete  flowfield  simulation  is 
required  which  couples  both  detailed  scalar  and  velocity  fields. 

plug  flow  ®odel  is  employed,  in  which  soot  production  occurs  along  lines  c 
constant  mixture  fraction,  then  the  various  rates  identified  in  eqns  (4)  and  (5)  are 
time -independent  functions  of  mixture  fraction.  They  can  therefore  be  integrated 

fh.  J°iutl2ns  £°r  S00t  number  density  and  mass  fraction  growth  along 

the  reactor  can  be  deduced,  in  particular,  we  find  that  * 

/  al  Cl  (  . - 1 

n  ■  J  —  tanh  | y «< ci0< o  t  j  ,8) 
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If  the  rates  for  nucleotion,  surface  growth  and  aggioneiat i cn  in  eqn.  (6)  are  evaluated 
using  a  laminar  flamelet  profile  to  describe  p,  T,  Xc  as  functions  of  mixture  fraction, 
then  the  evolution  of  soot  volume  fraction,  f v ,  with  time  (and  by  implication  height)  is 
as  illustrated  in  fig.  7.  Detailed  discussion  of  the  flamelet  profile  and  the  choice  of 
constants  Cx  ( 1  «  a.  0,  y,  6)  in  eqn,  (6)  is  deferred  until  later.  The  features  to  note 
here  are  the  essentially  linear  growth  of  fv  with  tir  and  the  narrow  range  of  mixture 
fraction  over  which  the  soot  formation  is  predicted  to  occur.  The  dominant  influence  in 
the  model  proposed  is  evidently  the  temperature. 

Such  results  are  simply  illustrative  however.  The  flame  is  clearly  not  a  plug  flow 
reactor  and  if  the  soot  model  is  to  be  calibrated  against  experiment  a  more  plausible 
representation  of  the  distribution  of  properties  within  the  flame  is  necessary.  The 
laminar  flame  on  the  Wolf hacd-Parket  burner  has  therefore  been  simulated  in 
tvo-dimensions  using  a  modified  version  of  Genhix  (Spalding  (1977).  Figure  8 
illustrates  the  computed  flow  pattern  for  the  ethylene-air  flame.  The  flowfield  is 
substantially  similar  to  that  reported  by  Smyth  et  al  (1983)  from  detailed  flow 
vi sual i sa  cion . 

The  predicted  streamlines  and  lines  cf  constant  mixture  fraction,  as  expected,  are  not 
parallel.  Fuel  depletion  in  particular  leads  to  a  flow  pattern  in  which  a  fluid  element 
experiences  a  range  of  local  mixture  fraction  states  within  the  regime  of  experimental 
interest.  The  numerical  simulation  of  the  sooting  flame  must  therefore  embed  the 
mechanism  (eqns.  <4)-(6)  >  in  this  more  complex  flowfield. 

The  conservation  equations  for  x -momentum,  mixture  fraction  and  soot  mass  fraction 
assume,  in  laminar  parabolic  flow,  the  general  form 


3  (  p  34 
—  “  —  +  s 

3y  l  3y 


dm 

— —  D 

dt  J  , 


iffusional  transport, 


where  S#  denotes  the  source  teem  appropriate  to  the  property 

dp  [  dm,  I  \ 

4  ( S„  ■  -  —  +  (o  -  o0  )g;  S .  *  0  ;  S  -  p  -  .  Diffusional  transport, 

dx  C  l  dt  J  J 

represented  by  the  diffusivity  p/e  ,  is  assumed  to  be  negligible  in  the  case  of  the 
particulate  soot.  Combustion  chemistry  is  incoiporated  in  the  form  of  the  tlanelet,  for 
ethylene-air  for  example,  illustrated  in  fig.  7.  This  is  determined  using  a  semi-global 
mechanism  of  the  form  described  earlier  and  computed  using  the  approach  described  by 
Liew  et  al  (1984).  For  the  purposes  of  these  preliminary  calculations  the  soot 
formation  mechanism  is  treated  as  trace  chemistry,  decoupled  from  chat  of  the  heat 
release,  but  occurring  in  fluid  elements  which  ace  transported  through  the  flowfield 
having  spatially-varying  scalar  properties.  The  temperatures  measured  experimentally, 
including  a  thermocouple  radiation  correction,  are  substantially  lower  than  those 
predicted  in  the  adiabatic  flamelet  model  -  measured  T  -  198QK  compared  with  an 
adiabatic  flame  temperature  ^  ~  2360k.  we  are  evidently  not  in  a  position  as  yet  to 
calculate  such  laminar  flame  structure  including  the  effect  of  luminous  flame  radiation, 
but  the  sensitivity  of  the  soot  formation  mechanism  to  temperature,  alluded  tc  earlier, 
makes  its  neglect  potentially  significant.  The  experimental  temperature  profile  (c£., 
fig.  7)  has  therefore  been  incorporated  in  the  present  simulation. 

The  six  undetermined  constants  in  the  mechanism,  eqn.  (6),  have  been  subject  to  casual 
numerical  experimentation  and  fitted  tc  the  laser  extinction  dat-a  lepuiied  in  rig.  5, 

The  comparison  between  ptedic; ion  ami  experiment  shown  in  fig.  9  is  obtained  with  the 
following  parameter  values 

C  »  J.  7  x  10* 

C»  “  10’  ,, 

C  -  4.2  x  10 

c[  -  2.57  X  10l°  (10} 


and  activation  temperatures 

T  -  46.1  x  101  (nucleation) 

t"  •  12.6  x  10 ’  (surface  growth) 

The  choice  of  these  values,  and  in  particular  that  of  the  activation  temperatures,  was 
guided  initially  by  the  values  reported  by  Gl lyaze tdinov  (1972).  Both  thp  evolution  of 
peak  soot  volume  fraction  with  height  and  the  spread  in  mixture  fraction  space  are 
plausibly  reproduced.  The  location  of  the  soot  peak  in  mixture  fraction  space  is  also 
predicted  to  shift  to  lower  values  with  increasing  height  in  the  flame.  The 
experimental  evidence,  cf.,  fig.  10,  is  a  little  ambiguous  but  broadly  confirms  the 
overall  trend. 

Further  optimisation  of  the  model  parameters  is  clearly  possible  but  the  values  cited 
were  obtained  readily  and  the  level  of  agreement  achieved  is  very  encouraging.  Of  the 
two  key  steps  necessary  to  develop  this  model  for  the  gas  turbine  combustor,  namely  to 
accommodate  kerosine  as  fuel  and  operation  at  elevated  pressures,  we  consider  the  latter 
to  be  the  more  challenging.  ThiB  has  therefore  been  the  focus  of  recent  experimental 
studies.  Both  laminae  flame  stability  and  the  probe  sampling  difficulties  attendant  on 
the  enhanced  soot  yield  complicate  the  experimental  task.  A  gradualist  approach  has 
been  adopted  to  detailed  data  acquisition  although  qualitative  observations  up  to 
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pressures  of  7  bar  do  not  indicate  fundamental  obstruction,  fig.  11  shows  the  evolution 
of  soot  volume  fraction  in  the  ethylane-air  flame  to  a  pressure  of  3  bar.  The 
measurements  were  made  on  flamos  of  approximately  the  same  size  by  maintaining  a  fixed 
fuel  mass  flow  cate,  however  the  air  flow  rates  were  varied  to  retain  flame  stability. 
Prom  the  discussion  presented  earlier  it  is  evident  that  a  detailed  flowfield  simulation 
is  necessary  if  the  soot  formation  cate  is  to  be  distinguished  from  flowfield  effects 
specific  to  particular  flame  geometries.  The  detailed  investigation  ot  the  flamelet 
approach  applied  to  sooting  flames  at  elevated  pressure  is  continuing  and  will  be 
reported  more  fully  later  but  it  is  instructive  at  this  stage  to  infer  the  pressure 
dependence  of  the  growth  rate  simply  with  downstream  distance,  namely  dfv/dx,  accepting 
that  the  transformation  to  the  formation  rate,  dfv/dt,  is  f lowfield-dependent  and  not 
trivial.  Comparison  of  this  rate  of  soot  growth  at  increasing  pressure  then  suggests  a 
pressure  dependence  of  p1  '  .  in  broadly  similar  laminar  flame  experiments  a  pressure 
exponent  of  n  -  1.2  was  inferred  from  measurements  of  peak  integrated  soot  volume 
fraction  across  an  axi symme t ric  flame,  again  with  ethylene  as  fuel,  by  flower  and  Bowman 
(1986).  The  effects  of  path  integration  introduced  in  this  data,  coupled  with  flowfield 
uncertainties,  make  more  detailed  comparisons  with  the  present  results  extremely 
difficult  however.  Measurements  of  coot  volume  fraction  alone  appear  comparatively 
uninformative  if  they  are  not  linked  to  a  model  which  distinguishes  chemical  kinetic  and 
fluid  dynamic  effects.  The  present  study  is  far  from  complete  but  we  have  attempted  to 
demonstrate  o  systematic  approach  to  soot  modelling  which  admits  continued  development 
with  further  experimental  and  computational  modelling  input. 

Conclusions 


A  strategy  has  been  identified  to  extend  laminar  flamelet  modelling  of  turbulent 
combustion  chemistry  by  embracing  a  simple  representation  of  soot  formation.  This 
approach  is  designed  to  permit  the  ready  incorporation  of  soot  mass  fraction  into  the 
framework  of  turbulent  flowfield  computation  for  purposes  of  detailed  temperature  and 
radiation  prediction. 

The  six  model  parameters  controlling  the  proposed  rate  processes  for  nucleation,  surface 
growth  and  agglomeration  are  determined  by  a  comparison  between  detailed  mode) 
prediction  for  a  simulated  two-dimensional  laminar  diffusion  flame  and  experimental 
measurement  on  a  Wolfhacd-Parker  burner. 

The  flamelet  model  emphasises  the  importance  of  the  relationship  between  soot  formation 
rate  and  mixture  fraction.  Simultaneous  measurements  have  therefore  been  made  of  local 
soot  volume  fraction  by  laser  attenuation,  mixture  fraction  by  microprobe  sampling  and 
temperature  by  fine  wire  thermocouple.  The  burner  is  designed  to  operate  with  both 
gaseous  and  liquid  fuels  and  data  is  reported  for  both  ethylene  and  kerosine,  primarily 

at  atmospheric  pressure  but  some  preliminary  measurements  are  also  described  at  elevated 
pressures . 

Both  prediction  and  experiment  emphasise  that  soot  formation  is  restricted  to  a 
comparatively  narrow  range  of  mixture  fractions  (0.06  <  C  <  0.2).  The  particular 
importance  of  temperature  is  illustrated  by  the  activation  temperatures  for  nucleation 
and  surface  growth,  46.1  x  10  and  12.6  x  10  vK)  respectively,  inferred  from  the  data 
for  ethylene-air  combustion.  The  limited  measurements  at  a  pressure  of  3  bar  suggest  a 
pressure-dependent  soot  formation  cate  of  the  form  p  '  . 
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Figure  7.  The  ethylene-a&i 
TTaweTcl  for  temperature, 
mixture  density  and  fuel  mole 
fraction  and  the  soot  volume 
fraction  predicted  by  the 
analytic  model  (eqn.  (8)). 
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Figure  8.  The  computed  flow 
pattern- for  the  3-slot  burner, 
relative  to  the  mid-plane  cf 

the  fuel  slot;  -  streamlines, 

_ _  contours  of  constant 

mixture  fraction. 


F Inure  9 .  Comparison  between 
model,  prediction  (solid  lines) 
-»  and  experiment  at  different 

•2B  heights  in  the  ethylene-air 

flame . 
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DISCUSSION 

O.GuMcr,  C'A 

Do  you  have  any  speculation  between  the  temperature  piofilc  you  showed  and  that  presented  by  Prof.  Facth. 

Author  Reply 

If  one  clearly  has  to  do  the  radiation  calculation  for  the  laminar  flame  before  you  can  infer  the  model  properties,  then  we 
arc  in  a  Catch-22  situation.  We  have,  to  some  extent,  circumvented  that  by  using  a  measured  temperature  profile,  which  of 
course  contains  .some  radiative  loss. 

G.Faeth,  US 

The  calculation  that  we  did  was  based  on  the  heat  loss  from  the  turbulent  flame,  which  is  the  relevant  parameter  in  the 
radiation  calculations  in  the  turbulent  flame. 
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SUMMARY 

The  present  paper  is  concerned  with  the  prediction  of  the  local  flow,  heat- 
transfer  and  combustion  processes  inside  a  three-dimensional  can  combustor  chamber  of 
a  gas  turbine.  A  three-dimensional  numerical  solution  technique  is  used  to  solve  the 
governing  time-averaged  partial  differential  equations  and  the  physical  modelling  for 
the  turbulence,  combustion  and  thermal  radiation. 

The  heat  transfer  modelling  is  emphasised  in  this  paper.  A  method  to  calculate 
the  distribution  of  temperature,  radiative  heat  flux  and  total  heat  flux  of  the  liner 
is  described.  The  implications  of  neglecting  radiative  heat  transfer  in  gas  turbine 
combustion  chamber  calculations  are  discussed.  The  influence  of  working  pressure  on 
the  radiative  heat  transfer  is  investigated  comparing  the  radiative  heat  flux  and  the 
temperature  distribution  of  the  liner  for  three  different  working  pressures:  5,  15 
and  25  bar. 


1.  INTRODUCTION 

For  many  years  the  design  of  gas  turbine  combustion  chambers  was  based  on  the 
use  of  empirical  models  correlating  overall  performance  with  simple  global  parameters 
such  as  inlet  air  conditions,  fuel/air  ratio  or  chambers  volume.  This  approach  was 
relatively  successful  for  combustors  of  essentially  similar  shape  dictated  by  the 
need  for  its  lenght  and  frontal  area  to  remain  within  the  limits  set  by  other  engine 
components,  by  the  necessity  for  a  diffuser  to  minimize  pressure  loss,  and  by  the 
requirement  of  a  liner  to  provide  stable  operation  over  a  wide  range  of  air/fuel 
ratios  (11. 

In  the  last  two  decades,  awareness  of  the  limitations  of  energy  resources,  on 
one  hand,  and  pollutant  emissions  regulations,  on  the  other,  have  imposed  additional 
constrains  leading  to  the  need  to  optimise  the  design  of  combustion  equipment, 
including  gas  turbine  combustors.  Together  with  these  limitations  all  combustors 
should  satisfy  the  following  requirements:  high  combustion  efficiency,  uniformity  of 
outlet  gas  temperature  to  maximize  the  life  turbine  blades  and  nozzle  guide  vanes, 
wide  stability  limits,  low  pressure  loss,  reliable  and  smooth  ignition,  durability 
and  minimum  cost. 

The  improvement  of  the  performance  and  the  need  to  satisfy  all  the  listed 
requirements  cannot  be  achieved  by  traditional  methods.  A  more  fundamental  approach 
is  needed.  So  in  the  last  years  a  great  effort  has  been  developed,  both  in  the 
experimental  field  and  mathematical  modelling,  to  increase  the  knowledge  about  the 
phenomena  occur ing  in  the  combustors.  Experimental  methods  are  expensive  and  slow 
whereas  mathematical  models,  whose  implementation  has  been  possible  due  to  the  advent 
of  powerful  digital  computers,  are  easily,  quickly  and  economically  adaptable  to 
different  geometric  configurations  and  load  conditions.  However  the  large  number  of 
complex  phenomena  present  in  the  combustor  such  as  a  tri-dimensional  turDulent  flow, 
swirl,  chemical  reaction,  radiation,  soot  and,  for  liquid  fuels,  atomization  and 
vaporization  taking  place  in  a  complex  geometry,  makes  the  modelling  rather 
difficult.  Due  to  this  complexity  many  of  the  results  obtained  by  mathematical  models 
have  only  achieved  qualitative  agreement  but,  even  in  this  case  they  are  very  useful 
since  they  provide  guidance  as  to  the  directions  in  which  a  design  should  be  modified 
in  order  to  meet  the  design  objectives,  hence  reducing  considerably  the  number  of 
experimental  tests  required  to  achieve  a  satisfactory  design. 

Due  to  the  multiplicity  of  phenomena  involved,  little  atention  has  been  paid  to 
radiative  heat  transfer,  as  it  was  thought  to  be  a  small  percentage  of  the  total  heat 
release  by  the  chemical  reactions  and  there  was  no  means  by  which  it  could  be 
reliably  calculated.  However,  if  the  goal  is  the  calculation  of  the  liner  wall 
temperatures,  thermal  stresses  and  liner  durability  an  accurate  means  of  prediction 
of  the  radiant  heat  flux  is  needed.  Furthermore  the  accurate  assessments  of  pollutant 
emissions  necessitate  fairly  precise  knowledge  of  radiant  heat  transfer  rates  as  th~ 
models  for  predicting  the  emissions  of  carbon  monoxide,  unburned  hydrocarbons  and 
oxides  of  nitrogen  require  an  accurate  description  of  gas  temperature  distributions 
in  all  regions  of  the  combustor  (1).  Besides,  over  the  past  30  years,  pressure  ratios 
have  increased  markedly  in  order  to  improve  thermal  efficiency,  and  it  seems  probable 


19-2 


that  they  will  continue  tc  do  30.  This  increase  in  pressure  raises  the  amount  of  heat 
transfered  to  the  liner  walls  by  radiation. 

Almost  all  the  authors  who  used  mathematical  models  for  gas  turbine  combustors 
did  not  calculate  thermal  radiation  based  on  the  argument  that  it  is  very  small 
compared  with  the  heat  released  by  the  combustion. 

Boysan  et  al  (2  1  used  a  flux  model  to  account  for  the  effects  of  radiation  in  a 
gas  turbine  combustor  solving  three  second-order  linear  differential  equations  for 
the  fluxes  in  the  axial,  radial  and  tangential  directions.  The  contribution  of 
radiation  was  considered  in  the  enthalpy  equation  through  a  source  term  calculated 
from  those  fluxes.  The  study  was  carried  out  at  atmospheric  pressure.  The  authors  did 
not  specify  the  kind  of  boundary  condition  used  for  the  calculation  of  the  radiation 
heat  transfer,  nor  discuss  its  influence  on  the  results. 

Lockwood  et  al  [3)  used  the  "discrete  transfer"  radiation  prediction  procedure 
of  Lockwood  and  Shah  [4]  for  the  computation  of  the  radiation  transfer  in  a  combustor 
can.  The  authors  assumed  adiabatic  flame  and  they  did  not  solve  for  the  enthalpy 
equation.  The  distribution  of  temperature  was  determinated  as  a  function  of  the 
instantaneous  mixture  fraction  usinq  the  equilibrium  method  of  Gordon  and  McBride 
(51. 


Therefore  the  effects  of  the  radiative  heat  transfer  on  the  flow,  temperature 
field  and  chemical  reaction  were  not  accounted  for.  The  radiative  heat  fluxes  to  the 
walls  were  calculated  aposteriori  assuming  an  uniform  wall  temperature  equal  to  the 
inlet  air  temperature.  They  have  concluded  that  the  total  radiation  heat  transfer  to 
the  walls  was  less  than  1/4  %  of  the  energy  supplied  to  the  combustor  justifying  the 
adiabatic  assumption  on  which  the  flow  and  reaction  calculations  were  based. 

Carvalho  et  al  (6j  performed  a  similar  study  as  the  previous  one,  using  also  the 
"discrete  transfer"  method  for  the  prediction  of  radiative  heat  transfer  in  a  can 
combustor.  However  in  this  case,  the  authors  solved  the  enthalpy  equation  with  a 
source  term  accounting  for  the  heat  transfered  by  radiation.  The  wall  temperature  was 
assumed  uniform  and  equal  to  the  inlet  air  temperature.  Two  sets  of  predictions  were 
made  for  pressures  of  6  and  25  bar.  Radiative  wall  heat  fluxes  increased  markedly 
with  the  pressure. 

In  the  present  paper  the  "discrete  transfer"  method  of  Lockwood  and  Shah  is  also 
used.  The  principal  contribution  of  this  paper  is  the  calculation  of  the  wall 
temperature  distribution  which  was  assumed  'in  the  previous  works.  In  order  to 
calculate  the  wall  temperature  distribution,  we  use,  for  the  calculation  of  the 
radiative  heat  transfer,  a  boundary  condition  based  on  the  energy  balance  of  the 
wall,  similar  to  the  one  described  by  Lefebvre  II].  This  balance  is  applied  to  each 
control  volume  adjacent  to  the  wall  and  it  is  based  on  empirical  correlations  for  the 
calculation  of  external  convection  and  radiation,  on  the  wall  law  for  the  calculation 
of  internal  convection  and  on  the  "discrete  transfer"  method  for  the  calculation  of 
internal  radiation.  The  enthalpy  equation  is  solved  and  a  source  terms  accounting  for 
the  radiation  heat  transfer  is  included.  Instantaneous  gas  compositions  are 
determined  as  a  function  of  the  instantaneous  mixture  fraction  using  the  equilibrium 
method  of  Gordon  and  McBride  (51. 

Predictions  of  wall  temperature,  radiative  heat  fluxes  and  total  heat  fluxes 
distributions  are  presented  and  discussed.  The  influence  of  the  pressure  ratio  is 
analised  comparing  the  solutions  obtained  for  three  different  working  pressures:  5, 
15  and  25  bar. 


2. 


FLOW  CONFIGURATION 


The  geometry  of  the  combustion  chamber  studied  is  sketched  in  Figure  1.  The 
combustor  has  18  separated  burners.  As  the  geometry  of  the  combustor  repeats  itself 
every  20°,  and  the  flow  pattern  also,  only  a  single  20°  section  of  the  chamber  is 
studied.  Gaseous  fuel  (propane)  enters  the  combustor  through  the  inner  of  two  annular 
rings.  It  was  assumed  to  enter  in  the  form  of  a  conical  jet  of  90°  included  angle. 
The  combustion  air  is  introduced  through  a  concentric  annular  ring.  Two  streams  of 
cooling  air  enter  close  to  the  inner  and  outer  annulus  walls  simulating  the  cooling 
ring  flows  which  actually  are  discharged  parallel  to  the  walls.  Secondary  and 
dilution  air  are  introduced  through  round  holes  in  the  inner  and  outer  annulus  walls 
as  shown  in  Figure  1.  The  air  has  been  specified  ar  entering  only  with  a  radial 
velocity  component  through  these  holes.  Three  sets  of  operating  conditions  were 
studied,  keeping  an  overall  air/fuel  ratio  of  approximately  60  and  varying  combustors 
pressure,  inlet  temperature  and  mass  flow  rates  according  to  Table  1. 


TABLE  1  -  THE  OPERATING  CONDITION! 


1 

|  Case  1 

]  Case  2 

|  Case  3 

1 

| Pressure  (bar) 

i  5 

1  15 

j  25 

Inlet  Air  Temperature  t  K ] 

I  400 

|  600 

!  750 

1  Inlet  Fuel  Temperature  J  K I 

|  300 

|  400 

-j _ 

|  500 

Primary  Air  Mass  Flow  Rates  [Kg/s] 

I  0.233 

I  0.466 

i  0.621 

Cooling  Air  Mass  Flow  Rate  (Kg/s] 

j  0.146 

j  0.292 

0.398 

Secondary  Air  Mass  Flow  Rate 
through  the  Holes  (Kg/s] 

1 

|  0.114 

i 

|  0.227 

O 

O 

Dilution  Air  Mass  Flow  Rate  through 
the  Holes  (Kg/sl 

1 

l 

|  0.172 

1 

!  0.341 

j  0.456 

Mass  Flow  Rate  of  Fuel  [Kg/s] 

I  0.011 

|  0.022 

j  0-0295 

Primary  Air  Axial  Inlet  Velocity  ( m/s | 

|  40 

!  40 

_ 

|  40 

Fuel  Axial  Inlet  Velocity  (m/s] 

!  25 

1  22.2 

I  22.2 

3.  PHYSICAL  MODELLING 


The  governing  transport  equations  for  the  mean  motion  of  a  turbulent  three- 
dimensional  flow  were  applied  in  the  cylinder  polar  coordinate  form: 

Continuity: 
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Here  v,  w  and  u  represent  the  velocities  in  the  (r,  0  ,  x)  cyl indrica 1-coordinate 
directions;  and  p  and  p  are  the  density  and  pressure,  respectively.  The  t' s  represent 
the  combined  laminar  and  turbulent  stresses;  these  are  supposed  to  be  related  to 
velocity  gradients  by  way  of  an  isotropic  effective  vibcosity,  ut  .  The  latter  is 
derived  at  each  point  from: 

ut  =cu  0  k2/t  (5) 


where  Cg  is  a  constant  of  the  model;  and  k  and  e  are  derived  from  their  differential 
transport  equations.  The  turbulence-energy  equation  is: 
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where  is  another  universal  turbulence  constant  and  represents  the  volumetric 
rate  of  generation  of  k  and  can  be  expressed  in  terms  of  velocity  gradients  and  the 
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turbulent  viscosity.  The  dissipation-rate  equation  is: 
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where  Cj,  Cj  and  oe  are  all  turbulence  constants. 

The  model  constants  appearing  in  the  above  equations  were  assigned  the  following 
values,  taken  unchanged  from  Launder  and  Spalding  [7}:  Cu=0.9,  C  1=1.44, 
C 2*1.92,  ak*1.0  and  oc~1.3. 


The  combustion  model  is  based  on  the  assumption  that  the  reaction  rates 
associated  with  the  fuel  oxidation  have  time  scales  very  short  compared  with  those 
describing  the  transport  processes.  Using  the  assumption  of  "fast"  chemical  reaction, 
chemical  equilibrium  prevails.  Assuming  also  that  all  species  and  heat  diffuse  at  the 
same  rate  and  that  the  heat  loss  to  the  surrounds  car.  be  neglected  compared  with  the 
heat  transfer  released  by  chemical  reacting  then  instantaneous  gas  composition  can  be 
determined  as  a  function  of  a  strictly  conserved  scalar  variable.  Any  conserved 
scalar  may  be  chosen  and  here  we  used  the  mixture  fraction  f  defined  as  the  mass 
fraction  of  fuel  present  both  burnt  and  unburnt.  Instantaneous  gas  composition  was 
determined  from  f  using  an  equilibrium  model  based  on  the  minimization  of  the  free 
energy.  The  computer  code  developded  by  Gordon  and  McBride  [5]  was  used  and  the 
results  were  tabulated  for  1000  values  of  f  from  pure  air  (0)  to  pure  fuel  (1). 
Instantaneous  temperature  field  was  calculated  from  the  instantaneous  enthalpy  field 
which  was  correlated  with  instantaneous  misture  fraction  field  assuming  the  relations 
used  by  Carvalho  (8]. 

In  a  turbulent  flov/,  the  mixture  fraction  will  fluctuate  and,  because  of  the 
nonlinearity  of  the  relationships,  knowledge  of  its  mean  value  is  insufficient  to 
allow  the  determination  of  the  mean  values  of  such  quantities  as  density  and 
temperature,  etc. 

We  adopt  a  statistical  approach  to  describe  the  temporal  nature  of  the  mixture 
fraction  fluctuations.  The  time-averaged  value  of  any  property  <t>  solely  dependent  on 
f  can  then  be  determined  from: 

*-[  <K£)P(£)d£  (! 
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In  the  present  work  we  have  assumed  the  "clipped  normal"  probability  density- 
function  [9]  which  is  characterized  by  just  two  parameters,  and  the  mean  square  of 
the  fluctuations  g  =  (f  -  Tr  .  These  variables,  f  and  gf  also  obey  modelled  transport 
equations  of  the  form: 
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where  Cg  j  and  Cg 2  are  additional  adjustable  parameters. 
The  mixture  specific  enthalpy  may  be  defined  by: 
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where  Cpj  is  the  constant-pressure  specific  heat  of  a  species  j. 

Density  is  determined  from  the  equation  of  state: 

o*p(RT  l  m./H.)"1  (12) 

all  j  ■>  J 

where  p  is  pressure,  R0  is  the  universal  gas  constant,  and  M.  is  the  molecular  weight 
of  species  j.  Since  the  mj's,  as  well  as  T,  are  all  function^  of  f,  the  time-averaged 
density  for  use  in  the  mean  flow  equations  is  again  determined  from  (8). 


Treatment  of  the  Radiation  Transfer 


The  "discrete  transfer"  radiation  prediction  procedure  of  Lockwood  and  Shah  [4] 
has  been  utilized  in  this  study.  This  method  combines  ease  of  use,  economy  and 
flexibility  of  application.  This  last  feature  is  of  particular  importance  in  the  real 
world  of  geometrically  intricate  combustion  chambers.  The  claimed  advantages  of  the 
method  have  now  survived  the  rigours  of  several  industrial  applications,  see  [10]  and 
[111  for  example . 
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The  "discrete  transfer"  method  is  founded  on  a  direct  solution  of  the  radiation 
transfer  equation  for  a  direction  Q  which  runs: 
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where  I  is  the  radiation  intensity  in  a  J  direction,  s  is  distance,  E  =  o  Tg  is  the 
black  body  emissive  power,  and  kg  and  ks  a"re  respectively  the  gas  and  soot  absorption 
coefficients.  The  scattering  terms  do  not  appear,  although  they  are  easily 
accomodated,  since  the  only  particulate  matter  present  in  the  present  application  is 
the  soot  particles  which  are  much  too  small  to  scatter  significantly.  Many  radiation 
methods  are  based  on  the  solution  of  the  much  more  complex  integro-dif f erent ial 
equation  which  results  when  equation  {13}  is  rewritten  for  the  whole  solid  angle  ft. 
In  our  opinion  this  is  unsatisfactory  since  the  numerical  solution  treatment  of  such 
an  equation  is  necessarily  very  elaborate 


We  prefer  to  solve  the  much  simple  equation  (13)  within  discretisation  dftj  of 
the  whole  solid  angle  Q  about  selected  directions  Assuming  that  E,  kg  and  ks  are 
constant  over  a  finite  distance  increment  6s,  equation  (13)  may  be  integratec  to 
yield  the  simple  recurrence  relation: 
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where  n  and  n+1  are  successive  locations  along  ft  separed  by  the  increment  6s.  The 
relation  is  applied  along  the  chosen  ft  from  known~conditions  at  point  Q,  say,  (either 
guessed  or  pertaining  to  those  of  the^previous  iteration)  on  one  wall  to  the  point  of 
impegement,  P  say,  of  the  direction  ft  on  an  opposite  wall. 

If  the  hemisphere  above  P  is  discretized  into  subangles  6ftr,  within  which  the 
intensity  is  considered  to  be  uniform,  the  energy  flux  arriving  at  P  is: 
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The  wall  boundary  condition  is: 
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where  q-  ,p  is  the  energy  leaving  the  wall  at  P,  Ey  is  the  wall  emissivity,  and  Eu=oTy 
is  the  wall  emissive  power.  The  value  of  I0>r  at  point  Q,  the  initial  value  required 
for  the  application  of  the  recurrence  relation  (14),  is  q_p/r.  The  net  radiation 
heat  flux  is  of  course: 


(17) 


The  net  heat  gain  or  loss  within  a  small  control  volume  of  the  flow  procedure 


SR  =  (In.l-V2d[MA 


(18) 


where  the  locations  n  and  n+1  correspond  to  the  "entry"  and  "exit"  of  a  direction  ft 
into  and  from  a  control  volume,  and  6  A  is  the  cell  wall  area  projected  normal  to  ftT 
The  energy  sources  Sr  are  appended  to  the  energy  balance  equation  solved  for  by  tfre 
flow  code. 


The  gas  absorption  coefficient  kg  is  calculated  from  the  "two  grey  plus  a  clear 
gas"  fit  of  Truelove  [121.  Water  vapour  and  carbon  dioxide  are  the  prime  contributors 
to  the  gaseous  radiation.  The  contribution  of  the  carbon  monoxide  and  fuel  for  the 
gas  absorption  coefficient  was  not  considered  due  to  the  lack  of  appropriate  data. 
However,  it  is  though  that  the  total  combustor  absorption  by  the  fuel  and  carbon 
monoxide  will  be  small.  The  total  gas  emittance  is  expressed  by: 

V*  ag,nW  [l-exp(kg  n(pw+pc)L)]  <V 

n 


where  the  summation  n  is  over  the  three  gases  of  the  assumed  mixture,  the  k  are 
presumed  constant  with  the  temperature  dependence  of  the  emittance8,n  being 
accomodatedin  the  weighting  coefficients  a„n  ,pw  and  p  are  the  partial  pressures  of 
the  water  vapour  and  carbon  dioxide  and  L  is  the  path  length.  The  values  of  the  kg  n 
and  a  g  n  are  tabulated  in  [12  1.  The  value  of  kg  required  for  our  calculations 8  is 
obtained  from  the  pseudo  grey  gas  approximation: 


which  has  worked  well  in  many  furnace  heat  transfer  computations  (see,  e.g.  (101). 
Sincp  the  Truelove  correlation  was  formulated  for  furnace  applications,  the  predicted 
mol  fractions  must  be  multiply  by  the  current  pressure  to  obtain  the  correct  partial 
pressures . 
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We  have  made  no  attempt  to  solve  for  the  soot.  Some  guidance  on  how  this  can  be 
done  is  offered  by  (131.  In  this  paper  a  review  on  soot  formation  and  soot  oxidation 
models  is  presented.  The  soot  formation  model  of  Khan  and  Greeves  [14)  and  the  soot 
oxidation  model  of  Magnussen  and  co-workers  (15)  have  been  applied  successfully  in 
industrial  furnaces  (see  (8),  (10),  (111).  The  work  of  Khan  and  Greeves  was  performed 
in  connection  with  diesel  engines  and  they  present  for  the  constant,  Cf  appearing  in 
the  model,  the  value  of  4.68  x  105  mg/Nms.  The  value  of  this  constant  was  tuned  by 
Abbas  and  co-workers  [16]  for  the  case  of  spray  flame  combustion  inside  furnaces  and 
a  value  of  0,1  x  10s  mg/Nms  was  found  to  be  appropriate.  In  the  aforementioned 
applications  the  value  for  the  soot  formation  constant  proposed  by  Abbas  was  used. 
However,  there  are  no  information  on  the  value  of  this  constant  for  high  pressures. 

The  boundary  condition  necessary  for  the  calculation  of  the  radiative  heat 
transfer  was  obtained  from  an  energy  balance  of  the  liner.  Broadly,  the  liner  is 
heated  by  radiation  and  convection  from  the  hot  gases  inside  it;  it  is  cooled  by 
radiation  to  the  outer  casing  and  by  convection  to  the  annulus  air.  Under  equilibrium 
conditions  the  liner  temperature  is  such  that  the  internal  and  external  heat  fluxes 
at  any  point  are  just  equal.  Loss  of  heat  by  conduction  along  the  liner  wall  is 
comparatively  small  and  usually  may  be  neglected.  Since  the  liner  wall  is  usually 
very  thin  we  have  neglected  the  difference  between  inner  and  outer  liner  wall  areas. 
Therefore,  under  steady-state  conditions,  the  following  balance  equation  can  be 
written : 
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where  subscript  1  refers  to  internal  fluxes  and  subscript  2  to  external  fluxes  and 
K 1 2  is  the  conduction  heat  transfer  through  a  solid  liner  wall  due  to  a  temperature 
gradient  within  the  wall.  Internal  radiation,  R,  ,  is  calculate!  from  equation  (17), 
while  the  internal  convection  C,  was  calculated"  from  Reynolds  analogy  (e.g.  [17)). 

Calculations  of  external  radiation  and  convection,  R,  and  C,,  were  done  using  the 
correlations  presented  by  Lefebvre  [1].  £ 

The  calculation  procedure  may  be  summarized  as  follows: 

1.  As  a  first  guess,  the  liner  wall  temperature  (flame  side)  is  assumed  to  be  equal 
to  the  inlet  air  temperature. 

2.  The  internal  radiation  Rj  and  internal  convection  Cj  are  calculated. 

3.  Using  the  relationship  Rj  +  Ci  =  R2  +  C2,  the  liner  wall  temperature  (coolant 

side)  is  calculated.  A  non-linear  equation  has  to  be  solved,  as  R2  is 

proportional  to  T4,  and  the  Newton-Raphson ' s  method  was  used  for  the  solution  of 

this  equation. 

4.  Setting  Rj  +  C j  a  new  value  for  the  liner  wall  temperature  (flame  side) 

is  obtained  and  it  is  compared  with  the  value  used  in  step  2. 

5.  Steps  2-4  may  be  repeated  according  to  a  convergence  criterium. 


4.  NUMERICAL  SOLUTION  PROCEDURE 
Method  of  solution 


The  finite  difference  method  used  to  solve  the  equations  entails  by  subdividing 
the  calculation  domain  into  a  number  of  finite  volumes  or  "cells".  The  solution 
algorithm  was  embodied  in  a  version  of  TEACH  program  [13]  for  three-dimensional 
recirculating  flows.  The  convection  terms  were  discretized  by  the  Hybrid 
Central/Upwind  method  (191.  The  velocities  and  pressures  are  calculated  by  a  variant 
of  the  SIMPLE  algorithm  [20].  The  solution  of  the  individual  equations  sets  was 
obtained  by  a  form  of  Gauss-Seidel  line-by-line  iteration. 

Computational  details 

The  equations  presented  in  section  3,  together  with  appropriate  boundary 
conditions,  have  been  applied  to  the  geometry  shown  in  Figure  1.  A  grid  of  19  x  17  x 
18  nodes  (r,  6,  x  -  directions)  was  used.  The  number  of  iterations  required  for  a 
convergent  solution  was  around  120,  which  corresponds  to  a  CPU  time  of  about  50  hours 
in  a  Micro  VAX  II.  Convergence  was  achieved  when  the  rormalized  residuals  for  the 
three  momentum  equations  and  mass  conservation  were  less  than  2  x  1G~3  . 

The  iterative  procedure  for  the  heat  transfer  calculation  was  embodied  in  the 
SIMPLE  algorithm.  This  calculation  was  only  performed  after  the  res  duals  of  the 
main  variables  had  attained  the  value  8  x  10"!  and  for  every  5  iterations.  As 
described  in  section  3,  this  iterative  process  for  the  heat  transfer  calculation 
consists  on:  i)  starting  from  a  guessed  liner  wall  temperature  (flame  side):  ii) 
calculating  internal  radiation  and  convection;  iii)  liner  wall  temperature  (coolant 
sidejand  again  the  liner  wall  temperature,  (flame  side),  which  will  correct  the 
guessed  value. 
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This  iterative  procedure  was  applied  to  each  wall  boundary  cell  of  the  grid.  The 
difference  between  the  liner  temperature  (flame  side)  for  two  sucessive  iterations 
was  calculated  for  all  the  boundary  cells.  The  process  was  considered  to  h^ve 
■'converged"  if  the  mean  value  of  these  differences  would  be  less  or  equal  to  10°  C 
and  the  maximum  value  less  or  equal  than  50°  C-  An  under-relaxation  factor  of  0.2  was 
used  for  the  temperature. 


It  was  observed  that  the  iterative  process  for  the  heat  transfer  calculation 
converged  very  fast.  Six  iterations  were  needed  for  the  first  time  that  the  procedure 
was  called  but  this  number  decreased  rapidly  to  one  iteration. 

In  the  present  calculations ,  the  computation  time  is  essencially  dependent  on 
the  time  required  to  evaluate  the  internal  radiation  by  the  discrete  transfer  method. 
Thus,  the  computation  time  of  the  present  calculations  does  not  increase 
significantly  when  compared  with  calculations  with  prescribed  wall  temperatures.  The 
main  problem  of  the  method  used  here  for  the  heat  transfer  calculation  is  the  lack  of 
suitable  correlations  for  the  calculation  of  external  convection.  The  same  problem 
arises  with  the  calculation  of  external  radiation,  but,  since  external  convection  is 
more  important  than  external  radiation,  errors  associated  with  the  external  radiation 
seem  not  to  be  important.  Though,  if  a  precise  prediction  of  the  liner  temperature  is 
needed,  the  equations  for  the  flow  and  heat  transfer  for  the  outer  annular  region 
should  be  solved  and  the  two  solution  procedures  (combustion  chamber  and  outer 
annular  region}  should  be  linked  in  an  iterative  fashion  as  described  in  the  present 
work. 


5.  DISCUSSION  OF  RESULTS 

Figure  2  shows  the  temperature  distribution  of  the  backplate  (Fig.  2a),  inner 
annular  wall  (Fig.  2b)  and  outer  annular  wall  (Fig.  2c)  for  the  conditions  identified 
in  Table  1  as  case  1  (p=5  bar).  The  film-cooling  air  near  the  outer  and  inner  annulus 
wall  can  be  identified  in  the  backplate  temperature  distribution  by  the  presence  of 
the  two  lines  corresponding  to  low  temperature  (500  K  and  600  K)  near  to  the  annular 
walls  and  parallel  to  these  walls.  In  the  middle  of  the  backplate  there  is  a  region 
of  high  gradients  as  this  region  is  the  center  of  combustion  activity.  Near  the 
simmetry  planes  the  temperature  is  higher  (800  K)  due  to  the  recirculation  of  hot 
gases . 

The  temperature  distribution  of  the  two  annular  walls  (Fig.  2b  and  c)  reflects 
the  distribution  of  the  cooling  holes.  The  levels  of  temperature  increase  from  the 
burner  side  to  the  exit  side.  Until  the  location  of  the  second  row  of  holes,  the 
film-cooling  air  protects  the  walls  avoiding  the  occurrence  of  high  temperature.  But 
due  to  diffusion,  the  cool  air  will  tend  to  mix  with  the  mainstream  and  the  hot  gases 
from  the  mainstream  will  tend  to  mix  with  the  cool  air  increasing  its  temperature. 
The  highest  temperatures  (800  K)  in  the  annular  walls  occur  near  the  two  corners 
formed  between  the  exit  plane  and  the  simmetry  planes.  This  is  due  to  the  fact  that 
the  middle  region  of  the  exit  plane  is  under  the  cooling  effect  of  the  dilution  air 
from  the  second  row  of  holes.  It  is  worth  noting  that  the  maximum  wall  temperature 
is,  in  this  case  of  about  800  K  and  the  maximum  temperature  difference  is  of  the 
order  of  300  K. 

Figure  3  displays  the  radiation  heat  transfer  contours  to  the  backplate,  inner 
and  outer  annular  walls  for  a  working  pressure  of  5  bar  (case  1).  The  heat  flux  to 
the  three  walls  is  rather  uniform.  For  the  backplate  (Fig.  3a)  the  radiative  heat 
flux  wavers  about  a  value  of  25  KW/m2 ,  although  near  the  entrance  of  the  film-cooling 
air  the  heat  flux  attains  a  value  of  50  KW/m2.  For  the  annular  walls,  it  can  be  seen 
that  the  higher  values  of  the  radiative  heat  fluxes  can  be  found  in  the  intermediate 
region  of  the  combustors  between  the  burner  plane  and  the  exit  plane.  This  is  a 
consequence  of  the  higher  temperature  of  the  gases  in  this  region,  as  after  the 
second  row  of  holes,  the  temperature  of  the  gases  decreases  due  to  the  effect  of  the 
dilution  air.  The  heat  transfer  to  the  inner  annular  wall  reflects  the  distribution 
of  the  cooling  holes.  The  heat  flux  through  the  holes  is  more  than  to  the  walls  but 
since  the  holes  cover  less  5%  of  the  total  wall  area  this  fact  is  not  significant. 

Figure  4  shows  the  gas  field  temperature  on  a  plane  perpendicular  to  the  axis  of 
symmetry  of  the  combustor  after  the  second  row  of  holes,  near  the  exit  for  p=5  bar. 
The  feature  of  dilution  air  intrusion  is  still  identified  at  this  location  where 
again  cooler  air  penetration  follows  the  pattern  expected  from  the  hole  geometry  with 
one  cool  region  near  the  bottom  wall  and  one  near  the  upier  wall.  It  is  known  that  an 
uniform  exit  temperature  distribution  would  be  considered  ideal  in  order  to  maximize 
the  life  of  the  turbine  blades  and  nozzle  guide  vanes.  However,  as  it  can  be  seen  for 
the  present  case,  the  distribution  of  temperature  at  the  combustor  exit  is  far  from 
uniform  as  usually  happens  in  all  modern  high-performance  engines. 

Figure  5  and  €  show  the  temperature  distribution  and  the  radiative  heat  fluxes 
distribution  to  the  combustor  walls  for  a  working  pressure  of  15  bar  (case  2).  Figure 
7  shows  the  gas  field  temperature  distribution  at  a  plane  near  the  exit  for  the  same 
pressure.  For  a  pressure  of  25  bar  (case  3),  the  temperature  and  radiative  heat 
fluxes  distribution  are  shown  in  figures  8  and  9,  respectively.  Comparing  the  results 
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for  the  different  working  pressures,  it  can  be  concluded  that  the  distributions  are 
qualitatively  similar.  However,  the  effect  of  the  presence  of  the  cooling  holes  in 
the  temperature  and  fluxes  distribution  of  the  annular  walls  is  more  pronounced  for 
higher  pressures-  The  levels  of  temperature  and  fluxes  increase  with  pressure  due  to 
the  increase  of  the  temperature  of  the  gases  and  gas  emissivity.  The  highest  wall 
temperature  observed  in  all  cases  is  of  the  order  of  1100  K.  To  ensure  a  satisfatory 
liner  life,  it  is  important  to  keep  temperatures  down  to  an  acceptable  level.  It  is 
generally  recognized  that  for  the  common  used  materials  the  maximum  temperature  of 
the  liner  should  not  greatly  exceed  1100  K  [1].  In  the  cases  investigated, 
temperatures  of  this  order  of  magnitude  only  occur  for  the  pressures  of  15  and  25  bar 
near  the  exit  plane  where  the  film  cooling  is  no  longer  effective. 

Figure  10  shows  the  total  heat  transfer  contours  to  the  backplate,  inner  and 
outer  annular  wall  for  a  pressure  of  25  bar.  The  convective  fluxes  to  the  holes  were 
not  calculate.  So  the  distribution  of  heat  fluxes  near  the  holes  are  meaningless. 
Comparing  figures  9  and  10,  it  can  be  concluded  that,  radiation  is  more  important  in 
the  primary  zone  and  the  convection  is  more  important  in  the  dilution  zone.  The 
temperature  of  the  film-cooling  air  is  kept  low  in  the  primary  zone.  Therefore  the 
convective  heat  transfer  to  the  liner  in  this  region  will  be  small.  As  the 
temperature  of  the  film-cooling  air  increases  the  convective  heat  transfer  to  the 
liner  will  increase  also. 

Figures  11,  12  and  13  show  temperature  contours  for  several  axial,  radial  and 
tangential  locations  at  a  pressure  of  25  bar.  Figure  11a)  shows  a  plane  perpendicular 
to  the  axis  of  symmetry  of  the  combustor  passing  through  the  first  row  of  holes.  The 
influence  of  the  secondary  air  entering  through  these  holes  can  be  seen  by  the 
penetration  of  one  cooler  region  into  the  combustor  in  each  annular  wall.  The  maximum 
temperature  is  attained  near  the  center  of  the  plane  due  to  the  presence  of  hot 
combustion  products.  The  plane  shown  in  Figure  lib)  is  located  near  the  exit  of  the 
combustor.  The  features  of  the  contours  are  similar  to  those  of  figure  4  { p=5  bar) 
and  figure  7  (p=15  bar)  since  the  location  is  the  same. 

Figure  12  shows  contours  of  two  constant  radius  planes,  the  first  passing 
through  the  burner  centre-line  and  the  second  passing  close  to  the  outer  annular 
wall.  The  influence  of  cooling  air  entering  through  the  secondary  and  dilution  holes 
is  clearly  seen  in  the  second  plot  but  not  in  the  first  one.  Primary  air  generates 
very  high  gradients  in  the  primary  zone,  as  can  be  seen  in  figure  12  a,  due  to  the 
chemical  reaction.  Highest  temperatures  are  attained  in  the  secondary  zone  away  from 
the  burner  centre-line.  In  the  second  plot,  figure  12  b,  temperature  is  rather 
uniform  in  the  primary  zone,  due  to  the  presence  of  cooling  air.  This  influence  is 
less  important  ir.  the-  inlermeaiate  and  dilution  zones  due  to  the  diffusion  of  the 
cooling  air  into  the  centre  of  the  combustor. 

In  figure  13,  two  constant  0  planes  are  presented.  In  the  first  plot  cooler 
regions  near  primary  and  dilution  holes  can  be  identified  as  well  as  a  cooler  region 
close  to  the  inner  and  outer  annular  walls  in  the  primary  zone  due  to  the  film 
cooling  air.  Maximum  temperature  occurs  at  the  central  region  of  the  plane.  The 
second  plot  shows  very  steep  gradients  in  the  primary  zone  where  combustion  takes 
place  and  a  much  more  uniform  distribution  downstream.  Cooler  regions  near  the  first 
row  of  holes  can  also  be  seen. 

Table  2  shows  the  radiative,  convective  and  total  heat  fluxes  to  the  walls  for 
the  three  combustor  pressures  investigated.  The  values  of  the  heat  fluxes  presented 
in  this  table  are  referred  to  all  the  18  sectors  of  the  combustor.  As  it  can  be  seen, 
radiative  and  convective  fluxes  are  small.  The  small  convective  fluxes  can  be 
justified  by  the  streams  of  cooling  air  close  to  the  annular  walls.  Although  this 
ccoling  air  deteriorates  temperature  pattern  factor,  reduces  combustion  efficiency 
and  contributes  to  the  presence  of  pollutants  in  the  exhaust  gases  [13],  its  presence 
is  required  to  reduce  wall  temperature.  Both  radiative  and  convective  fluxes  increase 
with  pressure,  mainly  due  to  the  increase  of  inlet  air  temperature  and  gas 
er.issivity .  The  ratio  of  these  fluxes  to  the  energy  supplied  to  the  combustor  is 
afcout  1%  and  is  almost  the  same  for  the  three  cases  studied.  However,  convective 
fluxes  are  sligthly  greater  than  radiative  ones. 

In  our  calculations  no  attempt  has  been  made  to  account  for  the  presence  of 
soot.  Soot  would  enhance  radiative  heat  transfer  mainly  at  high  pressures.  However, 
measurements  made  by  Marsland  and  co-workers  [21]  suggest  that  above  20  bar,  soot 
concentration  reach  a  level  such  that  blackbody  radiation  is  approached.  So  a  further 
increase  in  pressure  will  have  little  or  no  effect  on  the  flame  radiation. 


19-9 


TABLE  2  -  HEAT  FLUXES  TO  THE  HAL'-S  [kH] 


coieusrOR 

PRESSURE 

MALI  COKSUXXEO 

RAW  AH  PE 
HEAT 

Tl lAHSFEt 

RADIATIVE  HEAT 
TRANSFER/faCRW 
SUPPIIEP  TO  THE 
COMBUSTOR 

COWECTIVE 

HEAT 

TRANSFER 

COWECWfc  HEAT 
TRAkSfEH/EHEkC* 
SUPPLIED  TO  THE 
COMBUSTOR 

TOTAL 

HEAT 

TRANSFER 

TOTAL  HEAT 
nAHSfEV/EHEK& 
SUPPLIED  TO  THE 
COMBUSTOR 

5  bar 

Combustor 

backplate 

6.4 

0.07% 

9.7 

0.11% 

16.1 

0.18% 

Inner  annulus 
wall 

45.4 

0.49% 

49.0 

0.53% 

94.4 

i  .02% 

Outer  annulus 
-all 

68.0 

0.74% 

72.5 

0.78% 

140.5 

1 .52% 

lota! 

119.8 

1,30% 

131.2 

1.42% 

251.0 

2.72% 

IS  bar 

Combustor 

backplate 

12.3 

0.07% 

20.3 

0.11% 

32.6 

0.18% 

Inner  annulus 
wall 

88.4 

0.48% 

116.5 

0.63% 

204.9 

1.11% 

Outer  annulus 
wall 

131.6 

0.71% 

172.1 

0.93% 

303.7 

1.65% 

Total 

232.3 

1.26% 

308.9 

1.68% 

541.2 

2.94% 

25  bar 

Combustor 

backplate 

13.4 

0.06% 

25.6 

0.101 

39.0 

0.16% 

Inner  annulus 
wall 

96.1 

0.39% 

120.8 

0.49% 

216.9 

0.88% 

Outer  annulus 
wall 

146.2 

0.59% 

179.8 

0.73% 

326.0 

1.32% 

Total 

255.7 

1.04% 

326.2 

1.32% 

581.9 

2.36% 

6 .  CONCLUDING  REMARKS 

The  present  paper  describes  a  prediction  procedure  for  the  calculation  of  the 
flow,  heat-transfer  and  combustion  processes  inside  a  three-dimensional  can  combustor 
chamber  of  a  gas  turbine.  The  incorporation  into  the  computational  scheme  of  a 
technique  for  calculating  the  distribution  of  temperature  and  heat  fluxes  in  the 
liner  represents  the  main  contribution  of  this  paper.  It  is  believed  that  is  the 
first  time  that  the  temperature  and  heat  fluxes  distributions  of  the  liner  were 
calculated.  All  the  previous  works  have  imposed  the  liner  temperature.  The  accurate 
assessment  of  these  quantities  are  an  essential  prerequisite  for  the  prediction  of 
liner  life.  The  calculation  method  outlined  in  the  present  paper  constitutes  the  only 
correct  way  to  calculate  the  liner  temperature  la  heat  balance  to  the  liner  linking 
the  heat  transfer  processes  occurring  in  the  combustion  chamber  with  the  heat 
transfer  processes  occuring  in  the  outer  annular  region).  The  main  problem  of  the 
method  used  here  for  the  heat  transfer  calculation  is  the  lack  of  suitable 
correlations  for  the  external  convection  and  radiation.  For  a  complete  and  accurate 
picture  of  the  heat  transfer  in  gas  turbine  combustion  chambers,  the  equations  for 
the  flow,  and  heat  transfer  for  the  outer  annular  region  should  be  solved  and  the  two 
prediction  procedures  should  be  linked  through  the  energy  balance  to  the  liner. 
Another  cause  for  concerne  is  the  lack  of  reliable  data  for  the  contribution  of  the 
carbon  monoxide  to  the  gas  absorption  coefficient  and  the  lack  of  a  reliable  method 
of  predicting  the  soot  concentrations  at  high  pressures  and  hence  the  emissivities  of 
luminous  flames. 
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GAS  TURBINE  SMOKE  MEASUREMENT:  A  SMOKE  GENERATOR  FOR 
THE  ASSESSMENT  OF  CURRENT  AND  FUTURE  TECHNIQUES 
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Farnborough,  Hampshire,  GUI 4  OLS,  England 


SUMMARY 

Smoke  measurement  from  gas  turbine  engines  is  one  instrumentation  technique  that 
remains,  literally,  a  "black-art” .  Current  methods  are  inaccurate,  slow,  insensitive 
and  unable  to  detect  transients.  A  smoke  generator  has  been  developed  at  the  Royal  Air¬ 
craft  Establishment,  Pyectock,  capable  of  generating  by  pyrolysis  of  aviation  kerosene, 
stable  levels  of  smoxe  for  prolonged  periods,  representative  of  that  from  engines. 
Particle  size  measurements  have  enabled  the  comparison  of  smokes  from  different  sources 
and  provided  a  greater  understanding  of  the  problems  of  representative  sampling  using 
currently  approved  methods.  Several  alternative  measurement  techniques  have  been 
evaluated  using  the  smoke  generator,  precluding  the  need  for  expensive  engine  testing. 
This  has  promoted  research  into  instrumentation  that  will  give  a  truer  indication  of 
particulate  criteria  of  interest  to  the  engine  designer  and  customer,  for  example  true 
visibility  and  erosiveness. 

1  INTRODUCTION 

Developments  in  gas  turbine  technology  necessitate  more  powerful,  hotter  and  more 
compact  combustion  systems.  One  result  of  this  is  an  increased  tendency  for  the  com¬ 
bustor  to  produce  smoke,  a  problem  which  could  be  exacerbated  even  further  with  future 
requirements  for  operation  on  poorer  quality  fuels.  The  measurement  of  this  smoke  is 
important  for  a  number  of  reasons.  It  may  be  visible  and  thus  environmentally  and 
cosmetically  undesirable,  it  may  be  erosive,  limiting  turbine  life  expectancy,  and  if  it 
is  particularly  visible  or  has  a  significant  IR  signature  it  may  be  hazardous  to 
military  operation. 

Methods  for  smoke  measurement  have  developed  little  in  comparison  with  other 
exhaust  gas  analysis  techniques,  despite  the  increased  importance  being  placed  upon 
smoke  data.  The  current  procedure  relies  on  a  filter  stain  technique  which  is  non- 
continuous,  cannot  discriminate  between  particulate  source  or  characteristics  and  is 
open  to  large  sampling  and  measurement  inaccuracies.  The  lack  of  both  improvements  and 
alternatives  is  partly  due  to  the  difficulties  of  representative  sampling  across  a  wide 
range  of  particulate  size  distributions.  However  there  has  also  been  the  lack  of 
availability  of  a  cheap,  easily  accessible  source  of  smoke  with  which  to  undertake  in¬ 
strumentation  development.  To  this  end  a  smoke  generator  has  been  developed  at  RAE 
Pyestock,  capable  of  producing,  cheaply  and  for  long  periods,  a  stable,  controllable 
source  of  smoke.  Critical  appraisals  of  current  sampling  and  measurement  techniques 
have  been  possible  using  the  smoke  generator.  In  addition,  calibrations  and  cross¬ 
correlations  have  been  made  against  an  absolute  standard  of  mass  loading  of  carbon. 

Furthermore  it  is  becoming  increasingly  evident  that  techniques  are  required 
which  discriminate  between  different  regions  of  the  particle  size  spectrum  and  provide 
real-time  data  which  are  more  immediately  applicable  to  a  particular  design  or  perfor¬ 
mance  criteria.  The  smoke  generator  has  been  used  for  the  critical  assessment  of  tech¬ 
niques  which  are  likely  to  fulfil  some  or  all  of  the  above  requirements.  The  most 
promising  of  these  are  optical  techniques  which  are  capable  of  continuous,  high  tem¬ 
perature,  rapid  response  measurements.  However  it  must  be  recognised  that  all  methods 
are  in  some  way  dependent  upon  particle  characteristics,  whether  it  be  filtration 
efficiency  upon  physical  size  and  shape  or  optical  response  upon  absorption  and 
scattering  properties.  These  characteristics  are  themselves  dependent  upon  the  pro¬ 
cesses  of  particle  formation  and  growth,  as  influenced  by  variables  such  as  fuel  type, 
combustor  design  and  operating  conditions.  Thus  it  is  clear  that  no  single  technique 
will  be  capable  of  making  absolute  measurements  across  the  whole  spectrum  of  particle 
sizes,  for  applications  from  combustor  development  to  engine  certification. 

This  paper  details  the  capabilities  of  the  smoke  generator  and  its  use  in  assess¬ 
ing  the  merits  and  limitations  of  both  current  and  future  techniques,  recognising  the 
above  constraints. 

2  THE  SMOKE  GENERATOR 

Smoke  generators  to  date  have  included  2-cylinder  petrol  engines,  oil  burners 
and  discharge  nozzles  seeded  with  carbon  black.  These  have  proved  unstable  and  uncon¬ 
trollable,  producing  smokes  of  unrepresentative  mass  loadings  and  size  distributions  in 
comparison  with  those  from  gas  turbines.  Recognising  these  problems,  the  Pyestock 
facility  generates  smoke  by  the  pyrolysis  of  aviation  kerosene,  reproducing  the  basic 
engine  formation  processes  as  far  as  possible  in  a  practical  laboratory  system,  to 
ensure  representativeness. 
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2.1  Principles  of  operation 

The  layout  of  the  smoke  generator  is  detailed  in  Fig  1 .  Aviation  kerosene  is 
f*d  into  a  pre-vaporising  furnace  from  a  variable-drive  syringe  pump,  through  a  stain¬ 
less  steel  capillary.  Steady  fuel  flow  is  critical  to  the  stability  of  the  smoke  out¬ 
put;  metered  flow  rates  are  typically  0.1  -  0.5  mi/hr,  so  the  fuel  system  is  fully 
purged  of  air  before  operation.  The  capillary  is  mounted  in  the  furnace  in  an 
atmosphere  of  preheated  nitrogen  as  a  carrier  gas.  From  the  prevaporiser  the  fuel/ 
nitrogen  mix  is  passed  through  a  high  temperature  furnace  at  1600°C  where  pyrolysis  of 
the  fuel  takes  place.  Residence  time  is  approximately  0.1s  and  is  sufficient  to  ensure 
effective  carbon  formation  at  this  temperature.  The  carbon  is  mixed  with  air  in  the 
sample  duct,  to  give  smoke  levels  representative  of  those  from  engines.  Air  is  fed  in 
through  a  'dilution  furnace'  at  300°C,  to  maintain  the  smoke  sample  temperature  at 
150-180°C.  This  range  is  typical  of  'in  field'  sample  temperatures  where  condensation 
of  sample  water  and  unburnt  fuel  must  be  prevented. 

A  swirler  at  the  head  of  the  sample  duct  generates  effective  turbulent  mixing 
of  the  carbon  with  the  dilution  air  and  a  honeycomb  flow  straightener  is  positioned 
further  downstream  to  ensure  uniform  concentrations  across  the  duct  when  sampling  from 
multiple  positions  at  the  duct  exit.  Excess  smoke  is  vented  to  exhaust. 

Smoke  mass  loading,  the  mass  of  particulate  per  unit  standard  volume  (y.g/£)  ,  is 
a  function  of  fuel  flow  and  dilution  air  flowrate.  Either  of  these  may  be  used  to  set 
the  required  level,  though  fuel  adjustment  ensures  a  constant  air /sample  flow  ratio  is 
maintained  in  the  duct.  Further  operational  and  development  details  are  outlined  in 
Ref  1 . 

2.2  Capabilities  and  characteristics 

For  gas  turbine  smoke  measurement,  mass  loadings  typically  encountered  are 
0.5  -  5.0ug/l.  Over  this  range  the  smoke  generator  stability  is  between  ±0.05  to 
±0.15ug/£.  After  a  stabilisation  period  of  10-15  minutes  this  level  of  stability  can 
be  maintained  for  a  period  limited  only  by  the  volume  of  fuel  in  the  syringe  (7  hrs  at 
0.5ug/fc  to  1.5  hrs  at  5.0ug/M.  The  day-to-day  repeatability  of  mass  loading  for  a 
given  fuel  flow  is  poorer. 

Initially,  particulate  shape  and  size  estimates  were  made  by  analysing  a  smoke 
sample  under  a  scanning  electron  microscope.  Fig  2  shows  the  sizes  and  shapes  of  the 
particles  collected.  The  smoke  appears  to  be  made  up  of  largely  submicron  particulates 
in  the  range  0.02  -O.lum  with  agglomerated  chains  and  clusters  up  to  ^I.Oum  in  size.  A 
Differential  Mobility  Particle  Sizer  (DMPS)  and  Aerodynamic  Particle  Sizer  (APS)  were 
used  to  make  more  detailed  particle  size  distribution  measurements  in  the  size  ranges 
0.01  -  I.Oum  and  1.0  -  15.0nm  respectively^ .  Fig  3  shows  typical  results  and  confirms 
that  the  size  distribution  is  submicron  with  few  particles  >1um.  Information  on 
particle  size  for  typical  combustion  generated  smoke  is  limited;  Ref  1  alludes  to  data 
in  the  range  0.02  -  0.1 2nm  for  a  variety  of  combustion  systems.  Measurements  usina  the 
above  instruments  were  also  made  on  a  diesel  fuelled  gas  turbine  engine.  The  results 
in  Fig  4  show? 

(a)  the  bulk  of  the  particles  are  submicron,  but  with 
lower  count  and  volume  mean  diameters  than  the 
smoke  generator  at  an  equivalent  smoke  level. 

(These  are  the  diameters  above  and  below  which  lie 
50%  of  the  particles,  by  number  and  volume  respec¬ 
tively)  . 

(b)  a  significant  number  of  particles  >1um  are  present 
which  were  not  present  on  the  smoke  generator. 

Differences  in  (a)  may  be  due  to  fuel  type  while  (b)  is  likely  to  be  due  to  the  fact 
that  the  experimental  combustion  system  on  test  was  one  which  was  prone  to  the  build 
up  and  shedding  of  carbon  from  the  walls  of  the  combustor,  thus  generating  greater 
numbers  of  larger  particles  than  would  be  experienced  in  a  'clean'  system  (see  3.2.2). 
The  true  representativeness  of  the  smoke  generator  particle  characteristics,  as  com¬ 
pared  to  a  combustion  generated  smoke,  cannot  be  easily  defined.  Besides  discrepancies 
introduced  by  sampling  and  measurement  techniques  for  submicron  to  >1um  particulates, 
the  variability  introduced  by  fuel  physical  and  molecular  properties,  combustor 
mechanics,  aerodynamics  and  operating  conditions  has  to  date  only  been  objectively  (and 
crudely)  studied  with  reference  to  smoke  visibility  or  total  mass  loading. 

2.3  Calibration  of  current  techniques 

The  currently  accepted  technique  for  smoke  measurement^  involves  filtering  a 
predetermined  mass  of  sample  through  a  white  filter  paper.  The  ratio  of  the  reflectance 
of  the  filter  paper  when  stained  to  its  white  reflectance  is  a  measure  of  the  smoke 
level.  According  to  the  measurement  procedure  followed,  the  ratio  is  defined  as  an  SAE 
Smoke  Number,  a  Bacharach  Number  or  a  Bosch  Smoke  Number,  each  of  which  has  been  adopted 
by  different  sections  of  the  engine  industry,  broadly  speaking  aeronautical,  industrial/ 
marine  and  automotive  respectively.  These  measurement  scales  are  arbitrary  in  that  they 
bear  no  relation  to  the  physical  properties  of  the  smoke.  A  number  of  correlations  have 
been  derived  for  the  relationships  between  these  scales  and  mass  loading  of  carbon1 , 
with  a  high  degree  of  variability  due  to  the  difficulties  of  representative  sampling 
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over  long  periods  from  often  unstable  sources  and  the  multiple  inaccuracies  inherent  in 
these  filtration  techniques  {see  3.1).  Using  the  advantage  of  good  stability  from  the 
smoke  generator  over  long  periods,  further  correlations  between  current  techniques  and 
mass  loading  of  particulate  have  been  produced.  The  correlation  between  mass  loading 
and  the  accepted  filter  stain  method  for  aero  gas  turbines,  SAE  Smoke  Number,  is  shown 
in  Fig  5. 

3  SMOKE  MEASUREMENT:  CURRENT  PROBLEMS  AND  FUTURE  TECHNIQUES 

Using  the  smoke  generator  a  more  quantitative  assessment  than  had  been  pre¬ 
viously  possible  has  been  made  of  the  inaccuracies  inherent  in  the  techniques  described 
in  2.3.  This  has  prompted  research  into  more  fundamental  and  accurate  methods  which 
are  better  suited  to  providing  information  of  value  to  the  combustor  designer  and 
engine  customer. 

3.1  Smoke  sampling  and  measurement 

The  techniques  outlined  in  2.3  rely  upon  the  extraction  of  a  sample  from  the 
exhaust  gas  of  the  engine  or  combustion  system  under  test,  followed  by  filtration 
through  a  low-grade  filter  paper.  Work  on  the  smoke  generator4  has  shown  that  at 
typical  mass  loadings,  with  the  maximum  permissible  length  of  sample  line,  losses  of 
^25%  are  caused  by  particulate  diffusion  and  impaction  onto  the  inner  walls.  Filter 
tests2  showed  that  for  a  typical  particle  size  distribution  in  the  range  0.02  -  0.9um, 
the  filtration  efficiency  (by  mass)  of  the  standard  media  is  ^80%.  Furthermore  pre¬ 
liminary  work  with  the  same  filter  media1  indicated  errors  introduced  by  poor  batch-to- 
batch  repeatability,  and  poorly  defined  reflectance  measurement  procedures,  could  be  of 
the  order  of  ±10%  of  the  true  mass  loading.  In  addition  to  these  cumulative  errors  of 
possibly  50%,  the  technique  is  cumbersome  and  non-continuous  and  as  mentioned  does  not 
provide  a  measurement  which  has  any  direct  significance  to  the  engine  designer  or 
customer  other  than  by  empirical  correlations  with  physical  quantities. 

3.2  Future  techniques  for  smoke  measurement 

3.2.1  Objectives 

In  spite  of  the  difficulties  and  inaccuracies  cited  in  3.1  the  current  technique 
has  been  in  service  for  the  past  17  years  and  only  recently  have  new  techniques  emerged, 
which  with  development  could  prove  to  be  satisfactory  alternatives.  "Total  smoke" 
measurements  as  made  by  the  filter  stain  techniques  are  increasingly  inadequate  as 
demand  grows  for  information  on  particulate  effects  such  as  erosiveness,  exhaust  plume 
visibility  and  IR  radiance.  Depending  upon  the  engine  application,  military  or  civil, 
and  the  performance  criteria  to  be  met,  future  procedures  will  necessitate  some  or  all 
of  the  following  capabilities; 

(a)  sensitivity  to  submicron  particulates  (these  are 
primarily  produced  by  high  temperature  pyrolysis 
in  overrich  combustion  zones) . 

(b)  sensitivity  to  larger  (>1um)  particulates  (these 
are  primarily  produced  by  the  deposition  of 
carbon  on  the  interior  surfaces  of  the  combustor, 
with  subsequent  shedding) , 

(c)  direct  plume  measurements  to  obviate  sampling  in¬ 
accuracies 

(d)  continuous  measurements  to  detect  transients 

(e)  operation  in  a  harsh  environment  at  high  tem¬ 
peratures 

(f)  calibration  standards  and  auditable  procedures 

The  smoke  generator  has  proved  an  ideal  tool  with  which  to  assess  measurement  techniques 
that  fulfil  some  or  all  of  the  above  requirements.  To  date  a  number  of  instruments 
have  demonstrated  capabilities  for  qualitative  continuous  measurements. 

3.2.2  Light  scattering  techniques 

Two  commercial  instruments,  the  MINIRAM  and  SIGRIST,  have  been  evaluated  using 
the  smoke  generator  and  begun  preliminary  usage  on  engine  test  facilities5.  The  MINIRAM 
is  a  single  beam  instrument  measuring  total  light  scattering  in  the  forward  angle  45-95°, 
the  SIGRIST  dust  monitor  is  a  dual  beam  instrument  measuring  in  the  forward  angle  7-22°. 
Neither  of  these  techniques  discriminates  particle  size  since  they  detect  the  total 
light  scattering  from  an  ensemble  of  particles  crossing  a  sensing  volume.  Quantitative 
data  are  only  currently  available  through  correlations  with  other  techniques.  (Manu¬ 
facturers'  calibrations  have  been  made  using  Arizona  road  dust  and  polystyrene  latex 
spheres,  both  with  optical  properties  dissimilar  to  carbon  particulates)  .  Figs  6  and  7 
show  the  potential  of  these  techniques  for  continuous  smoke"  monitoring .  The  'steady- 
state'  smoke  level  can  be  observed  as  the  baseline  signal  at  positions  (a)  and  (b)  over 
and  above  which  carbon  shedding  can  be  observed  as  transient  peaks  in  the  instrument 
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signal.  The  frequency  and  intensity  of  these  peaks  is  a  qualitative  indication  of  the 
severity  of  the  problem.  Fig  7  shows  a  "worst  case"  situation  for  an  engine  which  had 
idled  for  an  extended  period,  over  which  time  carbon  had  built  up  on  the  inside  walls 
of  the  combustor.  Acceleration  to  high  power  at  position  (x)  caused  shedding  of  this 
highly  erosive  carbon  through  the  turbine.  A  ’steady-state1  smoke  condition  was 
achieved  after  a  period  of  ^18  minutes. 

These  techniques  are  attractive  in  that  they  are  sensitive  to  low  mass  loadings 
typical  of  those  from  combustion  systems,  they  are  continuous,  have  a  rapid  response, 
and  some  instruments  can  operate  at  high  temperatures.  On  the  other  hand  dependence 
upon  particulate  properties  means  quantitative,  auditable  measurements  are  not  currently 
possible  and  may  limit  these  instruments  to  use  on  combustor  development  programmes  and 
possibly  as  engine  health  monitors. 

3.2.3  Light  obscuration  techniques 

In  many  engine  applications  the  exhaust  plume  visibility  criteria  is  of  prime 
importance.  The  opacity  of  the  exhaust  must  be  determined,  ie  the  degree  to  which  the 
incident  light  intensity  is  attenuated  by  the  presence  of  particles  between  the  light 
source  and  detector.  Rolls-Royce  have  developed  a  technique  for  opacity  measurements 
by  intrusive  sampling.  While  this  has  a  slower  response  than  scattering  techniques,  by 
virtue  of  its  large  sample  cell,  its  advantages  are  that  it  is  continuous,  repeatable, 
can  operate  at  elevated  temperatures  and  can  be  calibrated  to  a  preset  transmission 
level . 


To  eliminate  inaccuracies  introduced  by  sampling  from  an  engine  exhaust,  new 
techniques  must  be  developed  with  the  capability  for  making  direct  opacity  measurements 
across  the  plume  or  exhaust  ’stack'.  Techniques  must  be  found  which  arc  sufficiently 
sensitive  to  detect  low  smoke  levels  without  inconveniently  long  sample  path  lengths, 
and  for  which  optical  alignment  and  cleanliness  can  be  maintained. 

3.3.3  Other  techniques 

Shortfalls  in  each  of  the  above  techniques  arise  from  their  dependence  upon  the 
physical  and  optical  properties  of  the  sample  particulates.  As  such  it  will  prove 
difficult  to  develop  an  optical  method  to  supersede  the  filter  stain  technique  that  is 
internationally  acceptable  and  comparable  amongst  different  test  facilities.  Indeed 
'true  smoke  visibility'  measurements  may  necessitate  judgements  by  trained  observers  as 
is  the  current  practice6'7  for  stationary  power  sources  in  a  number  of  American  states. 

Techniques  exist  which  measure  particulate  mass  loading  from  the  change  in 
frequency  of  an  oscillating  filter  as  a  result  of  particulate  build-up.  /lass  is  cal¬ 
culable  for  given  filter  body  characteristics,  but  the  technique  is  currently  too  slow 
or  insensitive8. 

Recourse  to  particle  size  information  is  increasingly  attractive  for  research 
purposes  and  instruments  such  as  the  DMPS  and  APS  offer  a  great  deal  in  terms  of  their 
ability  to  discriminate  particulate  characteristics,  although  for  engine  testing  these 
techniques  are  slow  and  cumbersome.  Inertial  impaction  techniques  may  be  suitable  for 
larger  particles,  if  difficulties  of  representative  sampling  can  be  overcome. 

4  CONCLUSIONS 

The  RAE  Pyestock  smoke  generator  provides  a  cheap,  controllable,  stable  source 
of  smoke,  with  particulate  characteristics  similar  to  those  produced  by  in-service  com¬ 
bustion  systems.  The  ability  to  generate  a  predetermined  steady  smoke  level  for  a  Iona 
period  has  enabled  an  accurate  calibration  and  cross-correlation  of  current  methods  for 
smoke  measurement.  Detailed  assessment  of  the  inaccuracies  of  current  techniques, 
coupled  with  an  increased  demand  for  more  fundamental  measurements,  has  led  to  require¬ 
ments  for  methods  which  are  continuous,  discriminating  and  more  sensitive.  Instruments 
usintj  principles  of  light  scattering  and  transmission  have  been  evaluated  usinq  the 
smoke  generator  and  are  currently  providing  diagnostic  information  on  smoke  and  carbon 
shedding  characteristics  from  engine  test  facilities.  Development  of  these  into  tech¬ 
niques  suitable  for  wider  use  and  to  supersede  the  current  internationally  accepted 
filter  stain  method  will  involve  detailed  assessment  of  their  suitability  for  use  in  a 
wide  range  of  test  areas  from  combustion  development  to  engine  certification.  For  each 
of  these  areas  a  better  understanding  is  needed  of  the  fickle  nature  of  smoke  particu¬ 
lates,  primarily  in  respect  of  their  formation,  growth  and  oxidation  and  the  effects 
therein  of  fuel  and  combustor  variables.  As  different  techniques  are  adopted  this  in¬ 
formation  will  enable  the  sampling,  calibration  and  audit  procedures  to  be  tailored  to 
suit  specific  applications  and  customer  requirements.  With  an  increased  understanding 
of  particulate  effects,  optical  techniques  will  become  more  widely  accepted  until  more 
quantitative  mass  or  size  based  methods  are  available. 
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FIG. 2  SEM  MICROGRAPH  OF  TYPICAL  SMOKE 
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*  Gravimetric  data 


FIG. 5  SMOKE  GENERATOR  GRAVIMETRIC  CALIBRATION  OF 
THE  STANDARD  FILTER  STAIN  TECHNIQUE3 
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DISCUSSION 


T.Rosljord,  US 

For  research  applications,  it  is  desirable  to  use  a  responsive  diagnostic  which  offers  more  information  about  the  soot  — 
particle  size,  size  distribution,  etc.  I  agree  that  “stain"  techniques  will  continue  to  be  used  for  some  time,  however,  in 
studies  at  UTRC  to  obtain  simultaneous  SAE  smoke  number  and  soot  mass  loading  data,  we  concluded  that  greater 
errors  are  introduced  in  the  mass  loading  determination.  The  masses  are  small  and  outside  influences  (e.g.  moisture 
filtration  efficiency,  etc.)  can  be  important.  Will  you  please  indicate  the  technique  you  us.  J  for  mass  loading 
determination? 

Author’s  Reply 

Our  mass  loading  was  determined  grammatically,  by  sampling  through  a  glass  fibre  filter  paper  (estimated  99.9  percent 
efficiency)  for  periods  of  between  1 5  and  60  minutes.  Several  SAE  measurements  were  made  during  the  sampling  period 
and  averaged  for  each  mass  loading  determination.  Samples  were  dried  to  constant  weight  at  200'C  to  remove  any 
unburnt  hydrocarbons  or  moisture  and  after  weighing  the  carbon  was  burnt  off  at  500’C  and  the  filter  paper  reweighed 
after  cooling  in  a  dessicator!  Throughout  the  procedure  a  blank  filter  paper  was  included  and  corrections  made  for  any 
mass  losses  in  the  paper  itself.  This  sampled  volume  was  measured  with  a  wet-type  gas  meter  and  corrected  to  standard 
conditions.  The  scatter  in  the  resulting  data  was  small,  less  than  predicted  by  error  analysis.  This  was  the  virtue  of  being 
able  to  sample  large  masses  of  carbon  from  a  stable  smoke  source  (<±1  SAE.SN)  under  controlled  laboratory 
conditions. 


J.Odgers,  CA 

Can  you  suggest  lower  and  higher  limits  of  SAE  smoke  number?  Our  experience  shows  poor  repeatability  in  0—  1 5  range 
and  poor  correlation  with  mass  loadings  above  SN  =  50.  Could  you  please  comment? 

Author's  Reply 

We  have  successfully  made  smoke  measurements  as  low  as  2  SAE-SN,  and  have  found  that  in  cases  where  the 
repeatability  was  poor,  it  was  due  more  to  the  smoke  source  itself  than  the  measurement  procedure,  with  short  term 
instabilities  or  “transients”  biasing  the  smoke  stains.  Indeed  our  experience  is  that  the  repeatability  is  poorer  at  high  levels 
(>20  SAE-SN)  due  partly  to  differences  in  the  white  reflectance  between  papers  becoming  more  significant  in  the 
reflectance  ratio  determination.  I  quite  agree  that  the  correlation  with  mass  loading  above  50  SAE-SN  is  poor,  due  to  the 
asymptotic  nature  of  the  relationship,  though  the  repeatability  at  these  levels  can  be  improved  by  adopting  the  four  filter 
method  laid  down  in  the  recommended  practices. 


A.Williams,  UK 

Could  you  indicate  whether  there  wasany  indication  of  the  presence  of  PAH  which  could  be  absorbed  in  the  soot  particles 
a.id  released  during  the  soot  drying  process. 

Author's  Reply 

The  soot  particulates  have  not  been  analyzed  for  the  presence  of  PAH,  the  purpose  of  the  drying  process  in  the 
gravimetric  determination  of  mass  loading  was,  as  you  indicate,  to  release  any  “unbumt"  hydrocarbons  that  might  be 
present. 


21-1 


Particle  Size  Measurements  in  Sooting 
Combustion  Systems 
by 

S.  Wlttig,  H.-J.  Feld 

Lehrstuhl  und  Institut  f(lr  Thermlsche  StrOmungsmaschlnen 
Universitat  Karlsruhe  (T.H.) 

Kalserstr.  12,  D-7500  Karlsruhe  (West-Cermany ) 


SUMMARY 

Radiation  effects  caused  by  the  presence  of  soot  particles  are  of  dominant  influence 
in  gas  turbine  combustors,  especially  on  the  stress  distribution  lr.  the  flame  tube. 
In  studying  the  two-phase  flow  within  and  after  the  combustor  experimentally,  a  wide 
spectrum  of  soot  particle  and  fuel  droplet  sizes  is  to  be  considered.  Two  optical 
measuring  techniques  have  been  used  throughout  the  present  work.  First,  the  dispersion 
quotient  (DQ)  technique  was  applied  to  determine  the  size  of  the  early  soot  particles, 
i.e.  in  the  small-diameter  range.  The  second  method,  the  well  established  Multiple-Ratio- 
Single-Particle  Counter  (  MRSPC  ),  was  used  to  measure  the  larger  particle  sizes,  i.e. 
fuel  droplets  and  soot.  Furthermore,  attention  was  focused  on  data  acquisition-  and 
analysis-techniques.  Experimental  results  were  obtained  from  measurements  in  a  combustor 
with  high  concentration  of  soot  particles  and  in  the  exhaust  gas  of  a  gas  turbine. 

INTRODUCTION 

The  knowledge  of  the  particle  size  and  particle  density  is  of  major  Importance  to  the 
understanding  of  the  two-phase  flow  phenomena,  the  reaction  and  condensation  processes 
and  the  mechanisms  leading  to  soot  formation  especially  in  thermal  ti:rbomachlne3,  i.e. 
gas  turbines  and  steam  turbines.  In  continuing  an  earlier  study,  the  present  work  was 
predominantly  directed  towards  the  two-phase  phenomena  within  gas  turbine  combustors. 
Especially  the  processes  occurlng  in  the  fuel  spray  as  well  as  the  soot  formation  and 
soot  particle  growth  were  of  major  interest.  High  particle  densities  beyond  lO^O 
particles  per  cm3  were  to  be  expected  in  the  lower  size  ranges  up  to  one  micrometer, 
whereas  the  particle  density  is  drastically  reduced  for  the  larger  particle  sizes.  To 
avoid  any  interference,  only  non-intrusive  optical  techniques  can  be  employed.  At  high 
particle  densities  optical  single  particle  counters  have  to  be  excluded.  Here, 
integrating  optical  techniques  have  to  be  used.  Their  major  disadvantage,  however,  is 
a  certain  loss  of  Information  due  to  the  integrating  character.  On  the  other  hand,  their 
major  advantage  is  the  simplicity  of  application  which  is  demonstrated  with  the 
dispersion  quotient  (DQ)  technique  used  in  the  present  analysis.  If  detailed  information 
on  the  local  particle  size  distribution  is  of  interest,  such  as  the  droplet  sizes  in 
the  fuel  spray  or  the  soot  emission  within  the  exhaust  gases,  the  introduction  of  an 
instrument,  which  provides  relatively  fast  the  local  size  diameter  distribution  over 
a  wide  range,  is  necessary.  With  soot  emission  additional  problems  arise  such  as 
relatively  high  concentrations,  the  unknown  shape  of  the  particles  and  the  lack  of 
detailed  knowledge  of  the  index  of  refraction.  The  requirements  are  largely  fulfilled 
by  the  MRSPC  which  is  a  single  particle  counter  operating  over  a  relatively  wide  size 
range  and  which  is  largely  Independent  on  the  refractive  index  and  the  shape  of  the 
particles.  The  major  emphasis  of  the  present  work  was  the  detailed  analysis  of  the  two 
techniques  under  prototype  conditions  and  their  application  to  gas  turbines. 

PRINCIPLES  OF  THE  DISPERSION  QUOTIENT  TECHNIQUE 

The  principle  of  the  dispersion  quotient  (DQ)  technique  is  based  on  the  light  extinction 
at  different  wavelengths  by  a  particle  collective.  The  method  which  was  first  suggested 
by  Teorell  [1]  has  been  discussed  by  us  at  other  occasions  [2].  Basically,  the  Intensity 
of  a  light  beam  which  passes  through  a  particle  cloud  will  be  scattered  and  absorbed. 
In  assuming  spherical  particles  and  a  monodlsperse  particle  distribution,  and  in 
neglecting  multiple  scattering  the  light  extinction  for  monochromatic  light  is  described 
by  the  following  well-known  equation  [3], 


I  =  IQ*exp(  -N-L-xr‘ •Qex(.(r,  l,n)  )  (1) 

where  I0  is  the  Intensity  of  the  incident  light,  I  the  intensity  arter  transmission 
through  the  particle  cloud,  N  the  particle  density,  r  the  particle  radius,  Qext*Tr2 
the  extinction  cross  section,  n  the  complex  index  of  refraction,  1  the  wavelength  of 
the  beam  and  L  the  optical  path  length.  The  dispersion  quotient  DQ  is  obtained  by 
dividing  the  natural  logarithms  of  the  intensity  ratios  1  over  I0  of  two  light  beams 
with  different  wavelengths  which  are  passing  through  the  identical  particle  cloud.  The 
unknown  particle  density  N  is  cancelled  and  equation  2  is  obtained: 

^ext^r’*  1 ,n  ^ 

DQ  -  - 12-1  -  -  (2) 

<5ext(r,X2,n* 


It  can  bo  seen  that  at  predetermined  wavelengths  and  with  known  index  of  refraction 
the  dispersion  quotient  is  a  function  of  the  particle  radius  only.  The  extinction  cross 
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sections  can  be  calculated  by  employing  Lorenz-Mie  theory  [^,53.  With  the  known  particle 
size  the  particle  density  can  be  determined  by  employing  equation  1. 

Figure  1  illustrates  the  dependence  of  the  dispersion  quotient  on  the  particle  density 
for  three  different  indices  of  refraction,  assuming  that  the  index  of  refraction  Is 
not  a  function  of  the  wavelength. 


Figure  1:  Dispersion  quotient  as  a  function  of  refractive  index 

It  is  obvious  that  the  technique  is  relatively  sensitive  to  changes  of  the  index  of 
refraction.  Wlttig  and  Lester  [2]  and  Bro  et  al.  [6]  have  provided  detailed  studies 
on  this  relation.  An  additional  problem  is  the  observation  that  the  functional  dependency 
between  particle  size  and  dispersion  quotient  is  not  always  unique  as  can  be  seen  from 
Figure  1,  a  fact  which  is  quite  important  with  respect  to  absorbing  particles  such  as 
soot.  A  solution  is  found  by  employing  a  third  wavelength  as  shown  in  Figure  2. 


Figure  2:  Determination  of  the  particle  size  by  means  of  three  wavelengths 

As  can  be  seen,  for  example,  in  employing  an  argon-ion  and  helium-neon  laser  (t88  nm/633 
nm)  particle  sizes  of  75  nm  and  180  nm  could  be  present.  In  utilizing  a  third  wavelength 
(  1152  nm  for  example  )  a  new  dispersion  quotient  can  be  measured  and  the  particle  size 
in  the  present  case  is  determined  to  be  75  nm. 

Up  to  now,  only  monodisperse  particle  distributions  were  considered.  However,  the 
dispersion  quotient  as  a  function  of  particle  size  can  also  be  calculated  for  particle 
size  distributions  [7,8].  Relative  to  the  mean  particle  diameter  the  maximum  is  changing 
towards  smaller  diameters  and  will  be  somewhat  flatter.  This  is  illustrated  in 
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SOOT  MEASUREMENTS  IN  A  SMALL  COMBUSTOR 

The  DQ-method  has  been  employed  at  the  Institute  for  Thermal  Turbomachinery  for  a  variety 
of  processes  such  as  the  analysis  of  unsteady  two-phase  flows  [10]  and  the  measurement 
of  tobacco  smoke.  As  a  standard  procedure  it  is  employed  for  the  study  of  soot  formation 
mechanisms  in  fast  homogeneous  combustion  processes  in  shock  tubes. 

In  the  present  investigation  direct  measurements  were  made  in  a  small  combustor  test 
facility  as  shown  in  Figure  5.  The  measurements  were  made  in  two  different  planes  at 
different  equivalence  ratios  t. 


Temperature  © 


Figure  5:  Combustor  test  facility 

It  should  be  noted  that  the  measurements  were  made  without  correction  for  the  initial 
intensity.  Improvements,  therefore,  can  be  expected  if  this  is  incorporated  into  the 
instrument.  As  the  index  of  refraction  of  the  soot  formed  in  an  oil-burner  is  still 
under  discussion,  the  value  n  *  1.95  -  0.66i  suggested  by  Senftleben  and  Benedict  [11] 
was  chosen.  As  the  earlier  stages  of  the  soot  forming  process  were  studied,  it  is  obvious 
that  the  positive  slope  of  the  curve  as  shown  in  Figure  6  was  of  relevance.  Using  an 
argon-ion  and  a  helium-neon  laser  the  curve  as  shown  In  Figure  6  was  employed  in 
evaluating  the  particle  size. 


Figure  6:  Dispersion  Quotient  computed  from  exact  solution  to  Lorenz-Mle  theory 
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The  measurements  were  made  In  the  larger  context  of  a  program  studying  the  effects  of 
the  fuel  spray  characteristics  on  the  soot  formation  and  on  the  pollutan.  emissions. 
The  pressure  of  the  atomizer  as  well  as  the  cone  angles  were  changed  over  wide  ranges. 
It  would  lead  too  far  in  the  context  of  this  paper  to  discuss  all  the  details.  It  should 
be  noted,  though,  that  the  particle  diameter  is  increasing  with  Increasing  equivalence 
ratio  as  expected.  Furthermore,  the  mean  volumetric  diameter  is  considerably  higher 
at  a  later  stage  indicating  agglomeration  processes.  However,  a  variety  of  -nfluence 
parameters  is  to  be  considered.  For  example,  if  the  equivalence  ratio  is  increased  with 
constant  airflow  rate  it  Is  obvious  that  the  pressure  atomizer  induces  a  higher  droplet 
momentum  and  thus  the  structure  of  the  flame  is  altered.  Despite  smaller  fuel  droplet 
diameters  with  higher  nozzle  pressures,  increasing  soot  production  is  observed  due  to 
higher  local  equivalence.  The  measurements  were  highly  reproduceable .  Detailed  tests 
were  made  on  the  influence  of  the  backround  radiation,  but  it  was  found  that  its 
importance  is  negligible.  The  results  also  agree  quite  well  with  measurements  made  at 
other  systems.  It  should  be  mentioned  that  earlier  calibration  measurements  by  Wittig 
et  al.  [7]  yielded  extremely  high  accuracy. 


Figure  7:  Soot  particle  size  as  a  function  of  fuel  pressure 
THE  MULTIPLE  RATIO  SINGLE  PARTICLE  COUNTER  (MRSPC) 

In  addition  to  the  measurements  of  particles  in  well-defined  environments,  the 
determination  of  the  particle  emissions  in  an  exhaust  gas  poses  additional  requirements 
on  the  Instrument:  A  relatively  high  concentration,  the  unknown  shape  of  the  particle 
and  the  generally  unknown  index  of  refraction  are  inducing  new  difficulties.  The 
requirements  can  be  summarized  as  follows: 

1.  In  situ,  non-intrusive  measurements  are  necessary  with  high  local  resolution. 

2.  The  size  distribution  is  to  be  recorded  Independently  of  particle  material  and  shape 
in  the  range  of  interest  for  emission  analysis  (.2  micrometer  to  approximately  10 
micrometer) . 

3.  If  the  particle  material  such  as  in  droplet  measurements  is  known,  the  instrument 
should  cover  a  broader  particle  size  range. 

it.  The  influence  of  windows,  background  radiation  and  changes  of  index  of  refraction 
within  the  gas  atmosphere  due  to  temperature  gradients  should  be  negligible. 

The  multiple  ratio  single  particle  counter,  described  by  us  at  various  occasions 
[12,13,14,15],  fulfills  these  requirements  to  a  large  extent.  It  was  developed  based 
on  suggestions  by  Gravatt  [16]  utilizing  basic  theoretical  concepts  Introduced  by 
Hodkinson  [17]. 

THEORY  AND  EXPERIMENTAL  CONCEPT  OF  THE  MRSPC 

As  described  earlier,  the  MRSPC  is  utilizing  the  principle  of  light  scattering.  Figure 
8  Illustrates  the  schematic  of  the  instrument  as  reported  in  other  studies  [12,14], 
The  light  source  is  an  argon-ion  laser  which  is  focused  on  the  probe  volume  by  a  lens. 
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Figure  8 :  Schematic  of  the  MRSPC 


The  receiving  optics  is  arranged  such  that  Its  focal  point  coincides  with  that  of  the 
focusing  lens.  In  passing  through  the  probe  volume,  the  light  scattered  by  a  particle 
is  made  parallel  by  the  receiving  optics  and  separated  by  a  sequence  of  annular  irises 
into  four  angle  regions.  The  rings  of  the  last  iris  are  equipped  with  fiber  optics  which 
guide  the  light  to  the  appropriate  photomultipliers.  The  signals  which  are  proportional 
to  the  scattered  light  intensity  at  the  respective  angle  are  processed  by  the 
electronics.  Here,  various  control  functions  are  performed  and  the  peaks  of  the  signals 
are  determined.  The  peaks  are  digitalized  and  their  ratios  are  formed  using  a 
microcomputer. 

The  determining  equation  which  describes  the  power  of  the  scattered  light  under  a 
predetermined  angle  range  is  as  follows: 


P  «  — -  (  i,  (  0,  ,a,n  )  +  i_(  e, ,  a,n  )  )  sine,  .60,  (3) 

SQi  1  1  *  1  1  •L 

Here  Ps  is  the  scattering  light  power,  I0  is  the  intensity  of  the  initial  light 
irradiating  the  particle,  x  is  the  light  wavelength,  ii.  and  lj  are  the  Mle-lntensity 
functions,  a  *  *•  d/  X  the  dimensionless  particle  size-  and  n  the  complex  index  of 
refraction,  the  scattering  angle  and  66^  the  size  of  the  angu  .\r  range  which  is 
associated  with  the  mean  scattering  angle.  By  forming  the  ratio  of  the  scattering  light 
power  under  two  angles  the  Influence  of  the  incoming  light  is  eliminated  as  shown  in 
equation  9. 


V#1 


(  ix(  02,a,n  )  +  12(  e2,a,n  )  )  sine2.&02 

(  lx(  01, a. n  )  +  12(  0^ > a , n  )  )  sine1.&e1 


The  ratio,  then,  is  only  a  function  of  the  particle  3ize,  the  index  of  refraction  and 
the  angle.  The  well-known  problem  of  the  position  of  the  particle  within  the  light  beam 
as  observed  in  using  a  TEMoo-laser  with  Gaussian  intensity  distribution  across  the  beam 
diameter  thus  is  largely  eliminated  due  to  the  formation  of  the  ratio.  For  example, 
if  only  the  scattering  light  power  would  be  recorded,  the  passage  of  a  particle  at 
different  locations  through  the  beam  would  yield  different  results. 


Figures  9a  and  9b  illustrate  the  scattering  ratio  for  two  different  angle  combinations. 
Also,  the  effect  of  the  complex  part  of  the  index  of  refraction,  i.e.  absorbing  material. 
Is  shown.  As  can  be  seen,  the  oscillations  for  non-absorbing  particles  lead  to  errors 
in  the  order  of  approximately  20  Jt  (compare  [19,15]).  In  other  words,  if  the  curve  for 
absorbing  material  is  used  as  a  reference,  the  error  in  determining  the  particle  size 
for  material  of  unknown  index  of  refraction  will  be  below  20  >. 
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Figure  9:  Mie-lntenslty  ratios 

It  should  be  noted  that  despite  forming  the  ratios  errors  can  arise  due  to  the 
non-uniform  size  of  the  probe  volume  as  seen  by  the  receiving  optics,  i.e.  that  particles 
passing  through  different  areas  of  the  probe  volume  will  not  necessarily  induce  identical 
signals.  This  fact  has  been  analysed  by  us  in  detail  at  various  occasions  [15].  In 
applying  appropriate  statistical  analysis  and  in  optimizing  the  optical  and  electronic 
design  this  error  can  be  minimized.  However,  a  lower  particle  size  limit  has  to  be 
recognized . 

The  maximum  size  up  to  which  the  Mle-intensity  ratios  of  non-absorbing  particles 
oscillate  about  those  of  absorbing  particles  depends  on  the  angle  ratios  considered. 
The  particle  counter  used  in  the  present  study  employs  presently  four  angle  ranges  with 
a  measurement  range  from  .25  up  to  approximately  10  micrometers.  The  influence  of  the 
particle  shape  in  this  regime  Is  relatively  small  [15,18].  It,  therefore,  is  possible 
to  employ  the  MRSPC  for  the  measurement  of  exhaust  gas  emissions,  whereas  its  utilization 
for  soot  formation  measurements  is  limited.  However,  Samuelson  et  al.  [19]  have  been 
able  to  apply  a  modified  design  for  the  measurement  of  soot  in  its  early  status.  With 
respect  to  larger  size  parameters  of  particles  of  known  index  of  refraction,  the 
Instrument  can  be  employed.  However,  as  an  extremely  broad  size  range  is  to  be 
determined,  the  necessary  dynamic  range  of  the  electronic  yields  considerable  problems. 

As  has  been  mentioned  --irller  one  of  the  problems  under  consideration  was  the  question 
of  the  importance  of  Vc  .atlon  of  the  Index  of  refraction  of  the  gas  between  the  probe 
volume  and  the  receiving  head.  However,  as  the  scattered  light  is  recorded  by  radial 
symmetric  rings  and  as  such  over  a  relatively  large  Integration  regime,  strong 
dependencies  on  local  temperature  and  thus  index  of  refraction  variations  are  not  to 
be  expected.  In  this  series  of  tests  a  blmodal  particle  distribution  was  used  for  test 
purposes.  As  can  be  seen  from  Figure  10  the  results  employing  latex  spheres  are  excellent 
for  cold  flow  situations.  The  superposition  of  the  temperature  gradient  between  the 
probe  volume  and  the  receiving  optics  practically  did  not  change  the  results  as  can 
be  seen  from  Figure  10.  The  gradients  were  generated  by  means  of  a  non-sooting  flame 
of  a  Bunsen  burner  with  relatively  high  temperature  gradients. 


WITHOUT  TEMPERATURE  WITH  TEMPERATURE  GRADIENT 

GRADIENT 


Particle  Diameter  [pm]  Particle  Diameterlpm] 


Figure  10:  Influence  of  strong  temperature  gradients  in  measuring  a  bimodal  particle 
size  distribution 
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The  importance  of  strong  background  radiation  can  be  minimized  by  using  relatively  high 
power  lasers  and  small  band  filters. 

A  final  source  for  errors  is  derived  from  a  high  density  particle  cloud  between  the 
probe  volume  and  the  receiving  optics.  The  scattered  light  which  is  emitted  from  a 
particle  passing  through  the  probe  volume  can  experience  multiple  scattering  and 
absorption.  The  relative  extinction  can  be  calculated  by  using  equation  1  and  for  the 
case  of  an  assumed  optical  path  length  of  127  mm  yields  the  results  shown  in  Figure 
11. 


Figure  11:  Extinction  as  a  function  of  particle  concentration 

As  long  as  the  particle  distribution  is  homogeneous,  the  relative  extinction  is  identical 
for  all  angles  and  thus  will  not  affect  the  results  under  ideal  conditions.  However 
,  at  relatively  high  concentrations  and  high  extinction  it  was  observed  that 
lnhomogeneltie3  in  the  particle  distribution  will  induce  significant  errors.  As  can 
be  3een  from  Figure  11  this  effect  is  of  no  significance  as  long  as  the  particle 
concentration  is  below  10®  particles  /  cm3. 


FUEL  ATOMIZER 


Figure  12:  Schematic  of  the  gas  turbine  DEUTZ  T-216 
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EXHAUST  MEASUREMENTS  BEHIND  A  GAS  TURBINE 

Due  to  its  relatively  large  dynamic  range  over  approximately  two  orders  of  magnitude 
and  its  insensitivity  to  the  index  of  refraction  and  the  particle  shape,  the  MRSPC  is 
ideally  suited  for  exhaust  ga3  measurements.  Early  attempts  were  reported  by  Wittig 
et  al.  on  studies  of  automobile  smoke  emissions  [20].  At  that  time  the  problems 
associated  with  the  non-uniform  facts  of  probe-volume  on  the  particle  size  as  well  as 
the  dynamic  range  of  the  electronics  were  not  fully  corrected.  The  present  example 
illustrates  the  application  of  the  MRSPC  to  an  exhaust  gas  measurement  on  the  relatively 
stringent  conditions  for  exhaust  measurements  behind  a  small  gas  turbine  as  shown  in 
Figure  12.  The  location  of  the  measurement  plane  is  indicated  in  Figure  12.  In  recording 
typical  samples  of  10000  particles  the  measurement  times  were  approximately  a  few 
seconds.  The  flow  velocity  of  the  exhaust  gas  was  -  depending  on  the  gas  turbine  load 
-  between  20  m/s  and  60  m/s.  Due  to  the  optimization  of  the  data  acquisition  system 
the  evaluation  of  the  data  was  practically  online.  The  evaluation  time  of  approximately 
1000  particles  is  slightly  about  1  s.  The  results  for  a  typical  experiment  in  the  gas 
turbine  exhaust  is  illustrated  in  Figure  13- 


Figure  13:  Typical  particle  size  distribution  in  the  exhaust  gas  of  a  gas  turbine 

The  particle  size  distribution  shows  a  mean  value  of  about  1.3  micrometer.  The 
observation  that  the  small  particles  are  practically  absent  was  initially  somewhat 
surprising.  At  present  intensive  studies  are  conducted  to  analyse  the  simultaneous 
measurements  of  the  soot  formation  process  and  the  subsequent  exhaust.  However  the 
present  paper  was  primarily  concerned  with  the  technical  aspect  of  the  diagnostics. 


CONCLUSIONS 

In  analysing  gas  turbine  combustors,  two  major  problems  are  arising  from  the  soot 
formation.  First,  the  soot  forming  processes  that  are  to  be  studied  require  non-intrusive 
optical  Instrumentation  capable  of  monitoring  large  concentrations  of  very  small 
particles  with  diameters  generally  smaller  than  .5  micrometer.  The  dispersion  quotient 
technique  seems  to  be  well-suited  as  a  diagnostic  tool.  Its  advantages  are  found  in 
the  possibility  of  monitoring  extremely  high  concentrations,  its  fairly  high  accuracy 
and  in  its  simple  handling  especially  under  extreme  conditions  of  '  a  gas  turbine 
combustor.  The  disadvantages  derive  from  the  fact  that  it  is  principally  ar.  integrating 
optical  technique  thus  yielding  either  monodisperse  characteristic  particle  sizes  or 
requiring  the  assumption  of  the  characteristic  type  of  the  distribution.  Furthermore 
it  is  relatively  sensitive  to  variations  of  the  index  of  refraction. 

The  second  major  problem  arises  from  the  measurement  of  the  soot  emissions  in  exhaust 
gases  after  the  soot  forming  processes  within  the  combustor.  Here,  considerably  larger 
particles  of  sizes  above  .2  micrometer  at  considerably  lower  concentrations  are  to  be 
recorded.  Under  these  conditions,  the  multiple  ratio  single  particle  counter  leads  to 
excellent  results.  Despite  its  limitations  with  respect  to  a  maximum  concentration  its 
major  advantages  are  found  in  an  Insensitivity  to  the  index  of  refraction  and  to  the 
fact  that  particles  deviating  from  the  spherical  shape  are  recorded  with  their  equivalent 
optical  diameter  thus  yielding  an  averaging  effect.  As  it  is  an  actual  single  particle 
counter,  local  particle  size  distributions  can  be  obtained.  Furthermore,  it  was  shown 
that,  disturbances  such  as  background  radiation  and  temperature  gradients  are  onlv  of 
relatively  small  influence.  The  capabilities  of  the  instruments  were  demonstrated  using 
gas  turbine  combustor  flov/a. 
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ABSTRACT 


Ionic  species  with  masses  from  24  to  IxlO'1  u  have  been  studied  in  premixed,  fuel-rich, 
low-pressure  acetylene  and  benzene  flames  by  means  of  a  time-of-f light  mass  spectrometer. 
Total  positive  and  negative  ion  concentrations  in  the  flame  were  also  determined  by 
sampling  ions  from  a  beam.  The  mass  spectrum  of  positive  poly-yne  ions  corresponds  to 
two  different  Poissbn  distributions  for  the  groups  ConH3  and  C2n+iH3  respectively.  These 
ions  are  not  related  to  soot  formation.  The  growth  of  polycvclic  aromatic  hydrocarbon 
Ions,  however,  could  be  followed  up  to  a  mass  of  about  2x10  u  where  coagulation  started 
resulting  in  ions  of  about  4x1 03  u  which  then  grew  further.  The  relative  volume  fractions 
of  charqed  and  neutral  soot  was  determined  using  a  method  of  soot  deposition  in  vacuum. 

The  results  can  be  interpreted  by  a  partial-equilibrium  model.  Polyhedral  carbon  ions 
have  been  detected  as  a  completely  new  class  of  flame  ions  similar  to  those  fount  in  the  _ 
laser-evaporation  of  graphite.  C»  +  is  the  dominant  positive  ion  of  this  group,  while  C50 
and  a  broad  distribution  of  C2~  with  2n  up  tc  about  210  are  characteristic  for  the  nega- 
tive  polyhedral  ions. 


1.  INTRODUCTION 

The  number  density  of  charge  carriers  in  a  hydrocarbon  flame  is  only  about  1/107  times 
that  of  the  total  number  density.  Yet  the  variety  of  ionic  species  is  of  the  same  order 
if  not  larger  than  that  of  the  uncharged  molecules.  Particularly  when  flames  are  made 
fuel-rich  both  the  number  of  different  neutral  hydrocarbons  with  masses  greater  than  that 
of  the  original  fuel  molecule  and  the  variety  of  heavy  ions  increase  enormously  [1].  It 
is  very  difficult  to  follow  the  process  of  transition  from  large  hydrocarbon  molecules 
to  solid  soot  particles  by  only  measuring  the  formation  and  depletion  of  uncharged  species 
using  e.g.  gaschromatography  or  mass  spectrometry  or  a  combination  of  both.  Particularly 
the  large  molecules  or  particles  can  much  easier  be  detected  in  the  ionized  form  in  which 
they  occur  naturally  in  the  flames.  The  use  of  an  artificial  ion  source  for  these  par¬ 
ticles  may  be  rather  inefficient  and  also  changes  them  by  fragmentation.  The  mass  range 
of  the  beginning  of  soot  formation  has  not  been  satisfactorily  explored  by  measuring  only 
the  growth  of  neutral  particles.  The  growth  of  ionized  species,  however,  can  be  followed 
right  through  this  transition  region  up  to  larger  particles. 

But  not  only  its  importance  for  the  understanding  of  soot  formation  makes  the  study  of 
large  ions  in  flames  a  somewhat  exotic  but  nevertheless  fascinating  field  in  combustion 
science.  Their  mass  and  molecular  composition  with  respect  to  C/H/O  can  be  compared  to 
those  of  the  higher  aliphatic  and  polycyclic  aromatic  compounds.  Many  plausible  similari¬ 
ties  are  found  since  most  of  the  ionic  species  result  from  a  reaction  of  an  ion  with  a 
neutral  precursor.  But  there  are  also  ionic  structures  which  are  not  possible  for  un¬ 
charged  molecules.  Very  unexpected  particles  such  as  the  polyhedral  carbon  ions  can  be 
found  in  sooting  flames  (2].  Striking  differences  show  up  between  positively  and  nega¬ 
tively  charged  species  and  for  ions  in  flames  from  different  fuels  [3,  4], 


2.  EXPERIMENTAL  METHODS 
2.1  The  Flames 

Premixed,  flat  low-pressure  flames  of  acetylene/oxygen  and  benzene/oxygen  were  used. 
They  burned  on  water-cooled  sintered  disk  burners  of  7.5  cm  diameter  in  a  pressure  range 
of  26.6  -  40  mbar.  Details  of  the  preparation  of  the  burning  mixtures  and  the  stabiliza¬ 
tion  of  the  flames  have  been  published  before  [5].  As  the  structure  of  these  flames  is 
relatively  well-known  with  regard  tothe  concentration  profiles  of  many  neutral  species 
and  of  the  temperature  16]  they  were  only  sampled  for  molecular  ions  and  larger  charged 
particles  in  these  studies. 
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2.2  The  Analysis  of  Charged  Species 

The  method  of  sampling  the  flames  was  always  the  same  but  the  analysis  of  the  diffe¬ 
rent  charged  particles  varied.  Conical  quartz  probes  were  used  to  form  a  supersonic  beam 
containing  the  ions.  The  expansion  of  the  free  jet  to  molecular  flow  conditions  took  place 
under  zero  electric  field  [7) .  As  the  masses  of  the  positive  and  negative  ions  in  the 
flame  covered  a  very  large  ring**  different  methods  of  separating  and  detecting  them  had 
to  be  applied: 

(a)  To  measure  the  total  positive  and  negative  ion  number  densities  in  the  flame  a  Faraday 
detector  having  a  cross  section  larger  than  that  of  the  beam  was  used.  It  was  biased  nega¬ 
tively  or  positively  for  positive  or  negative  ions,  respectively.  In  addition,  ions  could 
be  reflected  by  a  grid  in  front  of  the  detector  to  which  a  varying  repelling  voltage  was 
applied.  This  energy  filter  allowed  a  rough  mass  analysis  of  the  particles  with  masses  in 
the  range  103£  msSxlO1*  u  {8], 

(b)  For  the  analysis  of  charged  soot  particles  with  m  ^lO1*  u  a  collimated  beam  of  ions 
was  led  through  the  electric  field  of  a  plate  capacitor  in  a  second  vacuum  chamber.  A 
suitable  voltage  was  applied  to  the  plates  to  deflect  the  charged  particles.  After  travel¬ 
ling  over  a  field-free  length  they  were  deposited  together  with  the  uncharged  soot  par¬ 
ticles  on  an  electrically  grounded  glass  plate.  From  the  pattern  of  the  deposits  the  rela¬ 
tive  amounts  of  neutral  soot  and  charged  soot  of  either  sign,  a  rough  mass  analysis  of 
the  particles,  and  the  evidence  of  doubly  charged  soot  particles  were  obtained  19] . 

(c)  To  gain  a  better  mass  resolution  of  the  large  molecular  ions  and  also  of  the  small 
charged  soot  particles  (m  <  2x10 4  u)  time-of-f light  mass  spectrometry  was  applied.  Fig.  1 
shows  a  schematic  view  of  the  experimental  set-up. 


Fig.  1  Scheme  of  the  flame  sampling  system  and  the  time-of-f light  mass  spectrometer 
for  heavy  positive  and  negative  ions 


The  ion  beam  was  collimated  fcy  a  rectangular  slit  in  a  skimmer  and  a  second  slit  into  a 
TOF  mass  spectrometer.  Positive  ions  were  drawn  by  a  -300  V  rectangular  5  kHz  pulse  to  an 
accelerating  grid  (-2.6  kV)  and  into  a  55  cm  long  field-free  tube.  By  applying  the  same 
negative  pulseto  the  back  plate  of  the  deflecting  region  and  reversing  the  accelerating 
voltage  negative  ions  could  be  separated  as  well.  A  channeltron  electron  multiplier  served 
as  the  detector,  the  signal  of  which  was  amplified  and  fed  into  a  gated  boxcar  averager 
MO].  ♦ 


(d)  Using  a  fourth  method  described  elsewhere  mass  and  velocity  analyses  of  small 
charged  soot  particles  of  either  sign  in  the  range  10s  <  m  <  101*  u  were  performed  by  means 
of  a  Wien  velocity  filter  combined  with  an  energy  discriminator  [10]  . 


Fig.  3  Profiles  of  total  positive  ion  Heiqht  above  the  burner/mm 

number  densities  in  C2H2/02  3 

flames  of  different  C/0  (vu- 
42  cm  s_l  ,  p=  27  mbar  for  both 
figures) 


3.  TOTAL  NUMBER  DENSITIES 

Two  typical  profiles  of  the  total  number  densities  of  positively  and  negatively  charged 
species  in  a  low-pressure  slightly  sooting  C2H2/02  flame  are  shown  in  Fig.  2.  The  oxida¬ 
tion  zone  and  the  soot  forming  zone  can  clearly  be  distinguished  by  the  profiles  of 
charged  particles.  The  ionization  is  less  strong  in  the  oxidation  zone  (up  to  about  12  mm 
of  height  from  the  burner)  where  chemi- ionization  of  small  radicals  is  the  prevailing 
mechanism  of  charge  generation.  The  difference  in  the  profiles  in  this  zone  can  be  ex¬ 
plained  by  a  relatively  high  concentration  of  free  electrons  which  cannot  be  measured  by 
method  (a) .  In  the  preheating  zone  below  2  mm  of  height  electrons  are  attached  to  neutral 
molecules  or  radicals  (see  4.2)  because  of  the  low  temperature.  As  the  temperature  in¬ 
creases  large  hydrocarbon  molecules  with  high  electron  affinities  such  as  the  poly-ynes 
are  formed  from  which  negative  ions  can  be  formed  by  dissociative  attachment  causing  the 
free  electron  concentration  to  decrease. 

At  the  beginning  of  the  soot  forming  zone  there  is  a  steep  increase  in  the  ionization 
by  more  than  an  order  of  magnitude  which  is  even  larger  as  the  flame  is  made  more  fuel- 
rich.  After  reaching  a  maximum  some  mm  downstream  from  the  maximum  of  temperature  the  ion 
number  densities  decrease  more  slowly  by  charge  recombination.  The  higher  concentration  of 
positively  charged  particles  in  the  burned  gas  where  the  soot  particles  have  grown  to  a 
diameter  of  5  -  10  nm  [11]  cannot  yet  be  explained  conclusively.  The  concentration  of 
free  electrons  should  be  relatively  low  but  it  is  unlikely  that  there  is  a  net  positive 
space  charge  in  the  burned  gas.  The  reason  for  the  discrepancy  might  be  that  very  large 
positively  charged  soot  particles  could  not  be  prevented  from  reaching  the  detector  when 
measuring  negative  ion  currents  applying  method  (a) .  Measurements  of  energy  distributions 
showed  that  in  this  region  of  the  flame  positively  charged  particles  are  heavier  on  the 
average  than  their  negative  counterparts.  The  seeming  unbalance  of  charge  becomes  smaller 
with  lower  maximum  flame  temperature  [12]. 

Fig.  3  gives  an  impression  of  the  development  of  the  ionization  in  the  burned  gas  with 
increasing  C/O  ratio.  The  visual  threshold  of  soot  formation  in  C*  Hj /02  flames  lies  at 
about  0.95  but  the  profiles  of  positive  ions  indicate  that  the  formation  of  large  and  more 
easily  ionizable  particles  begins  at  C/O  ratios  between  0.85  and  0.90.  The  shift  of  the 
profiles  to  greater  distances  from  the  burner  with  increasing  C/O  corresponds  to  a  general 
shift  of  the  flame  reaction  zone  when  burning  richer  mixtures.  The  small  peaks  in  the  pro¬ 
files  are  considered  artefacts  due  to  an  unknown  interaction  between  the  sampling  nozzle 
and  the  flame.  This  is  also  observed  in  the  profile  of  negative  ions. 
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4.  INDIVIDUAL  GROUPS  OF  IONS 
4.1  Positive  Alkapoly-yne  Ions 

Ions  of  this  kind  are  derived  from  the  addition  of  a  proton  to  alkapoly-ynes  of  the 
general  formula  C2nH2  (n  =  2,3 , 4, . . . )giving  alkapoly-ynium  ions  of  the  type  C2nHj+  and  to 
alkapolyenyliden  radicals  (or  corresponding  carbenes)  of  the  general  formula  C2n+iH2 
(n  =  1,2,3,...)  giving  C2n+lHs+'  Both  groups  of  ions  exhibit  a  mass  distribution  with  one 
maximum  in  the  enveloping  curve.  See  Fig.  4  which  shows  these  groups  of  ions  in  the  mass 
range  up  to  about  170  u  at  two  different 
heights  in  a  sooting  C2H2/02  flame.  Ions 
up  to  ClvH3+can  already  be  found  in  non¬ 
sooting  flames.  The  ions  with  low  odd 
numbers  of  C  atoms  are  more  abundant  thai 
those  with  low  even  numbers  but  this 
difference  vanishes  for  ions  with  many  C 
atoms.  Therefore  the  centre  of  the 
distribution  of  the  C2n+jHj+  lies  at  a 
lower  mass  by  about  one  C  atom  than  that 
of  the  The  distribution  of  both 

groups  of  ions  can  well  be  described  by 
Poisson  distributions.  Their  centres  are 
shifted  to  larger  numbers  of  C  atoms  wit) 
increasing  height  in  the  flame  and  with 
increasing  C/0  ratio  (8J  . 

Neutral  poly-ynes,  C2nH2,  are  a  major 
group  of  hydrocarbons  in  fuel-rich  and 
particularly  in  sooting  flames. 

Of  the  carbenes,  C2n+iH2'  only  CjH2  has 
been  detected  till  now [13]. The  neutral 
poly-ynes  have  in  common  with  the 
respective  protonated  species  that  they 
are  formed  later  than  the  less  unsatura¬ 
ted  molecules  (ions)  and  reach  their 
maxima  at  the  end  of  the  oxidation  zone 
or  shortly  thereafter.  In  contrast  to 
the  ions,  however,  there  is  no  Poisson 
distribution  of  the  neutral  species,  the 
concentrations  of  which  decrease  monoto¬ 
nously  with  higher  number  of  C  atoms,  a 
consequence  of  their  relation  by  partial 
equilibria  .  Furthermore,  the 
series  of  alkapoly-ynes  is  guided  by 
acetylene  while  the  C2H3  +  is  practically 
absent  from  the  flames. 


Fig.  4  Mass  spectra  of  poly-yne  and  PAH  ions 
at  two  different  heights  jn  a  sooting 
C2H2/O2  flame  (C/0  =  1.12,uu  -60  cm  s"1 
p  *  27  mbar) 


4.2  Light  Negative  Ions 

Much  less  is  known  about  negative  ions  in  fuel-rich  hydrocarbon  flames.  After  the 
pioneering  work  of  Green  (14]  Goodings  et  al.  reported  about  negative  ions  in  methane/ 
oxygen  flames  (15]  and  Hayhurst  et  al.  studied  acetylene/oxygen  flames  along  these  lines 
[16].  Atmospheric  pressure  flames  were  used  in  all  cases. 

The  two  maxima  of  total  negative  ionization  in  the  oxidation  zone  (Fig.  2)  can  be 
attributed  to  different  groups  of  ions.  More  than  90  percent  of  the  ions  in  the  first 
maximum  are  anions  of  saturated  alkamonoacids  CnH2n-i°2~  (1i  n  i  6)  of  unsaturated  acids 
CnHmOa“  (n  =  3-5,  m  =  2n-3 ,  2n-5)  and  of  the  alkadiacids  CnH2n-30>*-  (2  -  n  £  6)  .  Since  in 
a  flame  ion  mass  spectrum  each  ion  is  represented  by  only  one  peak  and  not  by  a  charac¬ 
teristic  fragmentation  pattern  the  formulae  have  been  proposed  not  only  according  to  the 
mass.  Characteristic  mass  differences  of  related  peaks  due  to  the  CH2  group  and  a  typical 
behaviour  of  the  different  groups  of  anions  under  different  burning  conditions  (C/O  ratio, 
temperature)  support  this  assumption.  The  decomposition  of  acid  anions  at  temperatures 
above  500  to  600  K  is  the  reason  for  the  minimum  of  the  total  negative  ion  concentration 
at  a  height  of  4  -  5  nm  in  the  flame  (see  Fig.  2) .  It  must  be  assumed  that  these  ions 
decompose  into  free  electrons  and  neutral  molecules  or  radicals  since  other  anionic  pro¬ 
ducts  would  have  been  detected.  The  larger  acid  anions  decompose  faster  than  those  with 
a  lower  mass. 

The  negative  ions  of  the  second  maximum  are  mainly  those  derived  from  the  poly-ynes 
and  have  the  composition  C2nB"  and  C2n~  (1  S  n  S  10),  They  are  still  present  in  the 
burned  gas  although  their  concentration  decreases  after  the  second  negative  ionization 
maximum  [8]  .  The  concentrations  of  the  smaller  representatives  of  these  groups,  C2H~,  C2", 
are  the  only  ones  that  decrease  with  increasing  C/O  while  those  of  the  ions  with  more 
C-atoms  Increase,  the  more  the 
ions  is  between  10  and  20  %  of 

In  contrast  to  the  positive 
chain  are  less  abundant.  While 
atom  (C2nH“ )  are  dominating  it 
C2n+lH“  ions  or  even  particles 


larger  they  are.  The  over-all  concentration  of  the  C2n“ 
that  of  the  C2nH”  group  depending  on  the  burning  conditions. 

poly-ynic  ions  those  with  an  odd  number  of  C  atoms  in  the 
with  an  even  number  of  C  atoms  those  with  one  hydrogen 
is  the  C2n+r  group  that  is  relatively  more  frequent  than 
with  a  composition  C2n.  iH2”.  With  increasing  chain  length 


n 
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(2n+1  >7),  however ,  the  odd  carbon  anions  with  one  and  two  H  atoms  increase  in  abundance 
relative  to  the  C ,  "  [al  . 

2n+  1 

The  general  formulae  HCnO“  (2  £  n  5  10)  and  CO"  (2  £  n  £  4)  can  be  assigned  to  other 
ions  in  the  second  maximum.  They  are  ions  derived  from  the  respective  ketenes.  Those  with 
an  even  number  of  C  atoms  are  relatively  more  abundant.  Their  profiles  in  the  flames 
suggest  that  they  are  thermally  more  stable  than  the  acid  anions  but  less  long-lived  than 
the  poly-ynic  anions.  They  are  not  found  at  greater  heights  in  the  burned  gas  of  sooting 
flames. 

4.3  Aromatic  Ions 

.  Aromatic  ions  in  flames  were  first  reported  by  Calcote  et  al.  [1]  and  by  Delfau  et  al. 

I  J .  In  C2H2/02  flames  with  C/O  >  0.55  aromatic  ions  are  formed  early  in  the  oxidation 
zone.  To  these  belong  the  ions  with  only  one  aromatic  ring  system  such  ns  the  benzylium 
(C?Hr  ),  phenylvinylium  (C9H7+) ,  phenylpropinylium  (C9H7+)  and  the  protonated  naphthalene 
(CioH9+).  From  its  behaviour  in  the  flame  the  protonated  benzene,  (C'H?+),  although  not 
aromatic,  can  also  be  counted  to  this  group.  These  ions  decompose  or  are  oxidized  still 
within  the  oxidation  zone  at  temperatures  higher  than  about  1400  K. 

At  a  C/0  ration  >  0.6  also  aromatic  ions  with  more  than  one  ring  appear  in  the  oxidation 
zone  (polycyclic  aromatic  hydrocarbon  ions,  PAH  ions).  First  only  those  with  two  or  three 
rings  are  formed.  The  three-ring  ion  phenalenylium  (C13H9+,  see  Fig.  4)  is  one  of  the  most 
prominent  PAH  ions  but  also  ions  with  a  short  side-chain  such  as  the  naphthylmethylium 
(JuHj  )  and  the  vinylphenalenylium  (C15Hll  +  )  are  formed.  Two-  and  three-ring  PAH  ions  also 
disappear  again  still  within  the  oxidation  zone  at  about  the  same  temperature  as  the  mono¬ 
ring  ions,  see  Fig.  10.  With  increasing  C/O  ratio  PAH  ions  with  four  and  more  condensed 
rings  appear.  In  the  mass  range  ^  350  u  the  abundance  of  the  ions  with  an  even  and  an  odd 

number  of  C  atoms  is  alternating,  those  with  an  odd  number  prevailing.  In  PAH  ions  with 

an  odd  number  of  C  atoms  and  no  side  chains  the  positive  charge  can  be  delocalized  within 

the  aromatic  ir-electron  system  which  makes  them  more  stable.  Two  very  noticeable  repre¬ 

sentatives  of  these  are  benzo  (cd) pyrenylium  (C1,H11  +  )  and  benzo (f g) tetracenylium  (C2.H1S  +  ). 
With  an  even  number  of  C  atoms  the  positive  charge  must  be  located  outside  the  aromatic 
ring  system. 

The  mass  distribution  of  the  heavier  PAH  ions  can  be  represented  by  a  Gauss  function, 
the  maximum  of  which  is  shifted  to  larger  masses  with  longer  reaction  time  in  the  flame, 
see  Fig.  4.  According  to  the  mass  of  the  most  condensed  ring  systems  they  contain  up  to 
about  50  rings  in  sooting  flames.  Ions  with  four  and  more  rings  do  not  disappear  complete¬ 
ly  at  the  end  of  the  oxidation  zone  but  can  be  detected  in  the  burned  gas. 

Negative  aromatic  ions  have  not  conclusively  been  found  in  acetylene  flames.  They 
occur,  however,  in  benzene  flames  in  which  case  they  probably  always  contain  one  or  two 
oxygen  atoms  [13 . 


4.4  Polyhedral  Carbon  Ions 


Fig.  5  shows  three  outstanding  peaks  at  the  end  of  the  mass  spectrum  of  the  positive 
PAH  ions.  They  belong  to  another  group  of  large  ions  which  are  formed  at  the  end  of  the 
oxidation  zone  in  sooting  flames  and  also  persist  in  the  burned  gas.  This  group  of  both 
positive  and  negative  ions  with  the  composition  C2n  and  C2n+iHx  (x  S  2)  has  been  detected 
for  the  first  time  by  us  in  acetylene  and  benzene  flames  i 2 ]  .  For  the  positive  ions  2n 
lies  between  30  and  90  while  for  the  negative  species  the  range  even  extends  up  to 
2n  £  210.  Ions  with  an  even  number  of  C  atoms  are  more  abundant  by  factors  between  1C  and 
100  than  the  neighbouring  particles  with  odd  numbers . Probably  the  same  ions  but  not  with 
such  a  broad  distribution  of  masses  have 
been  found  when  graphite  was  evaporated 
by  absorption  of  intense  laser  radiation 
M8)  .  since  particles  with  even  numbers 
of  C  atoms  are  particularly  stable  Kroto 
et  al.  assume  that  they  must  be  closed 
spherical  shells  of  carbon  atoms  [19] 
but  ellipsoidal  structures  are  possible 
as  well'.  The  closed  shells  would  consist 
of  six-  and  f ive-merabered  carbon  rings. 

We  therefore  call  them  polyhedral  car¬ 
bon  ions. 

In  benzene  flames  the  positive  poly¬ 
hedral  ions  smaller  than  C60+  can  better 
be  disting huished  from  the  heavy  PAH  ions 
since  the  concentration  of  the  latter 
steeply  decreases  at  the  end  of  the  oxi¬ 
dation  zone.  A  mass  spectrum  is  shown  in 
Fig.  6.  The  most  striking  observation  is 
the  high  abundance  of  the  C*o  *  ion. 

Furthermore,  C  +,  C  ♦  and  C7o+  are 
relatively  abundant  in  accordance  with  the 
results  of  the  graphite  vaporization  ex¬ 
periments.  While  in  acetylene  flames  the 
smallest  detectable  polyhedral  ion  is 


400 


1200  $L 
u 


Fig.  5  Three  prominent  positive  polyhedral 
ions  at  the  end  of  the  PAH  ion  mass 
spectrum  (C2H2/02  =  1.0,  vu  =  42  cm  s-1, 
p  =  27  mbar) 
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CSo+  there  are  ions  down  to  C^0  +  in  benzene 
flames.  The  relative  abundance  of  the  posi¬ 
tive  polyhedral  ions  with  a  number  of  C 
atoms  Z  60  is  not  much  different  in  ben¬ 
zene  and  acetylene  flames.  The  total  concen¬ 
tration  of  polyhedral  ions  is  about  twice  as 
high  in  benzene  as  in  acetylene  flames 
when  compared  at  C/0  ratios  where  both 
flames  form  the  same  amount  of  soot. 

The  mass  distribution  of  negative  poly¬ 
hedral  ions  is  distinctly  different. 

Examples  from  an  acetylene  and  a  benzene 
flame  are  given  in  Fig.  7a, b.  While  the  ions 
smaller  than  C60“  display  almost  the  same 
relative  abundance  as  the  corresponding 
positive  ions  the  larger  ions  cover  a  much 
more  extended  mass  range  up  to  about  C210“. 
In  benzene  flames  there  is  a  bimodal  mass 
distribution  with  maxima  at  C50”  and  C82_ 
and  a  minimum  at  C§  Ct0"  is  more  abun¬ 
dant  than  its  direct  even-numbered  neigh¬ 
bours  but  its  intensity  cannot  be  compared 
to  that  of  C60  +  .  The  mass  spectrum  of  the 
negative  ions  heavier  than  about  C  ”  is 
quasi-continuous  with  no  single  mass  peak 
standing  out.  This  part  is  similar  in  ace¬ 
tylene  and  benzene  flames  apart  from  the 
somewhat  different  position  of  the  maximum 
at  Cbb"  in  benzene  and  at  about  Clfl0“  in 
acetylene  flames.  The  branch  around  C50~ 
is  more  pronounced  in  benzene  flames. 

A  maximum  in  the  distribution  both  of 
positive  and  negative  ions  with  odd  num¬ 
bers  of  C  atoms  lies  at  about  C„,H.  For 
negative  ions  a  weak  second  maximum  was 
found  near  C7,H2“  (not  discernible  in  Fig.  7). 


Fig.  7a,b  Mass  spectrum  of  negative  polyhedral 
ions  frcm  a 

(a)  C2H2/02  flame  (C/0  =  1.12, 

Vu  =  42  cm  s  ,  p  =  27  mbar) 

(b)  benzene/02  flame  (C/O  =  0.86, 

V  =  42  cm  s“\  h  =  10  mm, 

p  -  27  mbar) 


Fig,  6  Mass  spectrum  of  positive  polyhe¬ 
dral  ions  from  a  benzene/02  flame 
(C/O  =  0.76,  vu=  42  cms'l 
h  =  15  mm,p  =  27  mbar) 
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When  burning  a  benzene-d5  flame  no  mass  shift  of  polyhedral  ions  of  either 
an  even  number  of  C  atoms  was  detectable.  This  confirms  the  fact  that  also  in  flames  thes 
particles  do  not  contain  hydrogen.  There  was,  however,  a  hydrogen  content  in  ions  of 
either  *ign  with  an  odd  number  of  C  atoms,  CJn  +  1H  :  If  2n  i  60  n^“ive  ions  contain  two 
hydrogen  atoms  whereas  for  2n  <  60  one  H  atom  per  ion  ”as  °kaervedKfor  most  spec. ’'neutral 
ticularly  for  positive  ions.  Nothing  is  known  so  far  about  the  number  density  of  neutral 
polyhedral  carbon  in  sooting  flames  but  it  is  very  probable  that  it  exists. 


5.  CHARGED  SOOT  PARTICLES 

With  the  mass  spectrometers  used  charged  soot  particles  can  be 
molecular  ions  with  a  more  or  less  well-defined  c°mPos“i°nf.byt^pf°“°^"gthe  polyhedral 
The  charged  soot  particles  occupy- the  mass  range  beyond  that  of  the  PAH  and  bhf 
ions  Their  mass  distribution  is  continuous  with  a  smooth  enveloping  curve. No  individual 
mass'peaks  can  be  distinguished  as  in  the  case  of  the 

masses  are  standing  out  from  the  distribution.  They  are  the  species  with  the  largest 
qrowth  rate  by  far!  The  variation  of  their  mass  distributions  indicate  both  growth  by  coa 
gulation  of  large  particles  and  by  the  addition  of  small  particles.  The  total  ionization 
increases  steeply  when  they  appear  and  begin  to  grow. 


5.1  Positively  Charged 

The  Figs.  4  and  8  a,b  illustrate  the  de¬ 
velopment  of  the  mass  distribution  of  the 
positively  charged  soot  particles  in  a 
C2H2/02  flame.  At  a  height  of  6  mm  single 
PAH  ions  in  the  mass  range  140  to  450  u 
are  clearly  visible  in  the  spectrum.  At 
7  mm  the  PAH  ions  with  masses  lower  than 
about  3x1 02  u  have  decreased  while  a  con¬ 
tinuous  background  mass  distribution  which 
is  already  indicated  at  6  mm  develops  and 
is  first  centered  at  about  4x1  02  u.  At 
11  mm  (Fig.  8a)  the  lower  mass  range  is 
dominated  by  the  poly-ynium  ions  but  the 
PAH  in  the  mass  range  300  to  450  u  are 
still  discernible  on  the  left  flank  of  the 
underlying  continuous  distribution  shown 
with  a  lower  resolution.  Its  centre  has  now 
moved  to  about  7x1 02  u  while  its  upper  end 
extends  to  2x10su.  It  can  clearly  be  seen 
that  a  second  maximum  in  the  continuous 
mass  distribution  develops  at  about 
4x10 3  u  leaving  a  minimum  around  2x10  u. 
The  further  growth  of  the  continuous  di  - 
stribution  with  the  maximum  at  7x1 0  u 
now  does  not  continue  as  in  the  way  before. 
Instead  it  fades  out  while  its  centre  is 
only  being  shifted  to  about  1.2x10  u.  In 
the  same  time  the  larger  charged  particles 
grow  strongly  in  concentration  and  their 
maximum  is  shifted  to  5  -  6x1  03  u  exten¬ 
ding  to  10x10 3  u  and  leaving  still  a  mini¬ 
mum  around  2x1 o3  u  (see  Fig.  8b). 

The  appearance  of  a  minimum  in  the  mass 
range  around  2x10 3  u  which  corresponds  to 
150  -  160  C  atoms  per  particle  and  of  a 
maximum  at  about  4x10s  u  in  the  very  early 
stage  of  soot  formation  is  an  indication 
of  an  effective  coagulation  process  of 
particles  with  a  mass  around  2x1 03  u. 

The  further  growth  of  the  soot  particles 
,  and  their  mass  distribution  has  been 
studied  by  the  experimental  methods  (a) , 

(b)  ,  and  (d)  (see  above)[3,lo] .  The  results 
for  the  C2H2/O2  flame  with  C/O  =  1.12, 
u  =  42  cm  s_1  are  in  short:  With  increa¬ 
sing  height  in  the  flame  the  mass  distri¬ 
bution  of  the  positively  charged  soot  par¬ 
ticles  broadens  and  its  centre  is  shifted 
rapidly  to  larger  masses  (20  mm:  2x10  u; 
25  mm:  6x10"  u;  40  mm:  >3x105  u  (d  8  nm). 
In  more  fuel-rich  flames  the  growth  rate 
is  higher. 


Fig.  8a, b  Mass  distributions  of  large  posi¬ 
tive  PAh  ions  and  small  charged 
soot  particles  at  11  mm  (a)  and 
1 2  mm  (b)  in  a  C2H2/02  flame 
showing  the  effect  of  coagulation. 
The  resolved  peaks  on  the  left  are 
due  to  poly-yne  ions . (Conditions 
as  in  Fig.  7a) 
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5.2  Negatively  Charged 

Negatively  charged  soot  particles  and  their  mass  distribution  shcwa  different  behaviour. 
There  is  no  analogous  growth  of  negative  PAH  ions  nor  is  there  a  minimum  in  the  mass  di¬ 
stribution  at  2x10s  u  or  a  second  maximum  starting  at  some  thousand  mass  units  as  in  the 
case  of  positively  charged  soot  particles.  Mass  distributions  of  large  negatively  charged 
particles  obtained  by  energy-discriminating  methods  have  shown  that,  although  the  absolute 
maxima  in  these  distributions  remain  at  a  few  thousand  mass  units  (mostly  p.-iyhedral  ions)  , 
these  distributions  develop  long  and  broad  tails  extending  to  very  large  masses  with  in¬ 
creasing  height  in  the  flame.  Since  the  distributions  of  positively  charged  particles  also 
become  very  flat  and  broad  not  much  difference  is  found  in  the  distributions  of  very  large 
particles  of  either  sign  if  measured  above  20  mm  of  height  using  methods  that  can  only  de¬ 
tect  particles  with  m  >  2x10*  u  [9] . 

Relative  soot  volute  fractions  f/% 

5.3  Soci.  Volume  Fractions 

The  development  of  the  total  volume  frac-  90 
tions,  of  charged  and  neutral  soot  par¬ 
ticles  with  masses  ^  2x10*  u  (d  £  3  nm)  is 
shown  in  Fig.  9.  The  points  are  experimental 
values  [12]  while  the  full  lines  have  been 
calculated  using  a  partial-ionization-equi- 
librium  model  [9]  .  Both  the  experiment  and  u 

the  model  show  that  the  ionization  of  the 
particles  within^,  8x10s  u  starts  at  about 
15  mm  above  the  burner,  apart  from  a  small 
fraction  of  charge  that  remains  on  the 
particles  from  the  non-equilibrium  chemi-  59 
ionization  processes  in  the  oxidation  zone. 

The  volume  fraction  of  charged  soot  increa¬ 
ses  up  to  a  height  of  about  40  mm  followed 
by  a  slow  decrease  (not  shown) .  In  this 
flame  the  volume  fraction  of  positively 
charged  soot  is  larger  than  that  with  a  30 

negative  charge.  This  deficit  of  negative 
charge  on  the  large  particles  is  balanced 
by  the  larger  number  density  of  negative 
polyhedral  ions  and  poly-yne  ions.  At 
heights  larger  than  25  mm  a  small  soot 
fraction  carries  two  elementary  positive  10 

charges  per  particle.  The  calculated  con¬ 
centration  of  free  electrons  is  low  and 
decreases  with  temperature. 

In  sooting  flames  of  lower  temperature  Height  above  the  burner/mm 

the  soot  fractions  of  either  sign  are  nearly  Fig.  9  Experimental  and  calculated  relative 
equal.  The  fraction  of  negatively  charged  volume  fractions  of  charged  and  neu- 

soot  can  be  Increased  over  that  with  tral  soot  with  experimental  curves  for 

positive  charge  by  seeding  the  flame  with  the  mean  particle  diameter,  d,  tempe- 

easily  ronlzable  metal  salts,  e.g.  CsCl  rature,/  and  number  density,/  ,  of 

^  ■  negative  molecular  ions. 

(Conditions  as  in  Fig.  7a) 


6.  DECAY  AND  GROWTH  OF  CHARGED  SPECIES  IN  RELATION  TO  NEUTRAL  HYDROCARBONS 

One  purpose  of  the  study  of  charged  species  in  fuel-rich  flames  is  to  draw  conclusions 
as  to  the  growth  and  decay  of  large  neutral  hydrocarbons,  particularly  of  those  which  es¬ 
cape  direct  observation.  By  far  the  main  chemical  conversions  in  the  flame  taka  place  by 
reactions  of  neutral  particles.  This  also  concerns  the  formation  of  higher  hydrocarbons 
ard  of  soot.  But  c  luce  aiiroct  every  group  of  related  species  (poly-ynes,  I  AH  etc.l  has  its 
ionic  pendent  and  a  great  de3i  of  the  reactions  of  ions  are  ion-molecule  reactions  the  ions 
being  formed  and  consumed  )n  flames  are  closely  related  to  t.ie  pool  of  neutral  reactants 
and  products . 

Similar  behaviour  in  many  respects  has  been  found  where  the  profiles  of  the  neutral 
species  and  the  related  ions  could  be  measured  separately.  But  there  are  also  significant 
differences  within  and  between  the  groups  of  neutral  and  ionic  particles.  Important  rea¬ 
sons  for  these  differences  are  an  enhanced  reactivity  of  most  ions,  a  variation  of  the  pro¬ 
ton  and  electron  affinities  and  the  ionization  potentials  within  and  between  the  groups 
and  the  demand  for  local  electroneutrality  in  the  flame.  The  latter  has  also  an  influence 
on  the  diffusional  transport.  Because  of  statistical  reasons  the  differences  due  to  the 
reactivity  and  the  electrical  properties  of  the  particles  can  be  expected  to  become  smaller 
at  higher  temperature  and  with  larger  particles. 
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6.1  Poly-yne  Ions 

Poly-yne  ions  (C2n/tl\H3  +  )  are  the  small©st  of  the  larger  hydrocarbon  ions  in  flames. 

They  could  be  followed  up  to  C  H,  +  .  Similarities  to  neutral  poly-ynes  are  the  following: 
They  are  formed  in  the  hotter  region  of  the  oxidation  zone  and  reach  their  maxima  almost 
simultaneously  at  the  end  of  it.  Their  relative  rates  of  consumption  downstream  from  the 
oxidation  zone  increase  with  increasing  mass,  but  absolutely  the  rate  of  decay  is  slow 
compared  to  that  of  the  small  PAH  ions  at  the  end  of  the  oxidation  zone  so  that  they  still 
have  an  appreciable  concentration  in  the  burned  gas.  The  difference  to  the  neutral  poly- 
ynes  lies  in  their  mass  distribution  (two  Poisson  distributions)  and  its  variation  with 
temperature.  The  experiments  indicate  that  there  is  a  rapid  equilibration  between  the  con¬ 
centrations  of  the  poly-yne  ions.  Although  they  are  the  dominating  low-mass  positive  ions 
in  the  region  of  soot  formation  they  hardly  have  any  relation  to  it:  As  direct  precursors 
of  charged  soot  particles,  they  are  too  small  and  as  building  bricks  for  growing  particles 
their  concentration  is  far  too  low  compared  to  that  of  neutral  C2H2  and  C4H2  .  As  with 
neutral  poly-ynes  prolongation  of  the  carbon  chain  does  not  lead  to  the  formation  of  very 
large  ions  or  molecules,  respectively. 


6.2  PAH  Ions 

The  next  steps  of  growth  can  only  take  place  in  two  dimensions  via  aromatic  systems. 
Again  both  growth  and  decay  control  the  concentration  profiles  of  the  aromatic  ions  al¬ 
though  in  a  way  different  from  those  of  the  poly-yne  ions.  In  the  first  lower-temperature 
region  of  the  oxidation  zone  there  is  a  relatively  rapid  formation  of  aromatic  ions  up  to 
masses  considerably  larger  than  those  of  the  largest  poly-yne  ions.  In  contrast  to  the 
"one-dimensional'1  poly-yne  ions  some  of  the  PAH  ions  attain  a  more  stable  structure  than 
others,  such  as  the  phenalenylium.  As  the  temperature  increases  to  >1400  K  the  decay  (or 
oxidation)  of  the  aromatic  ions  starts  but  it  mainly  affects  PAH  ions  up  to  a  mass  of 
about  350  u.  These  ions  reach  their  maxima  at  about  the  same  height  and  decay  more  or  less 
simultaneously  and  with  a  similar  rate.  It  is  very  probable  that  poly-yne  ions  are  pro¬ 
ducts  of  this  decay  since  it  takes  place  in  the  flame  zone  where  the  number  density  of  the 
poly-yne  ions  increases.  A  mere  charge  transfer  to  neutral  C2n(+i)H3  species  cannot  be  an 
effective  process  since  the  concentration  of  such  radicals  is  so  low  that  they  have  not 
yet  been  detected  in  these  flames.  Fig.  10 
shows  the  decay  of  a  representative  small 
PAH  ion  in  the  oxidation  zone  and  its  re¬ 
appearance  at  great  heights  in  the  burned 
gas  together  with  the  profile  of  a  repre¬ 
sentative  poly-yne  ion.  Thus,  the  decay  of 
the  smaller  PAH  ions  to  poly-yne  ions  seems 
to  be  in  some  way  reversible  when  the 
temperature  in  the  burned  gas  has  dropped 
below  about  1400  K.  The  decay  of  smaller 
PAH  at  higher  temperature  and  a  reap¬ 
pearance  when  the  burned  gas  cools  has  also 
been  observed  for  neutral  PAH  [20]. 

The  larger  PAH  ions  also  display  maxima 
in  their  profiles  but  these  are  shifted 
toward  greater  heights  with  increasing  mass 
indicating  consumption  by  growth  to  larger 
particles  rather  than  decomposition  to 
smaller  ions.  There  is  no  more  preference 
for  odd-numbered  PAH  ions  but  species  with 
a  minimum  of  H  atoms  are  still  preferen¬ 
tially  formed.  During  the  growth  up  to  a 
mass  of  more  than  103  u  no  bimodal  mass 
distribution  appears.  This  is  an  indica¬ 
tion  for  growth  mainly  by  the  addition  of 
small  hydrogen-poor  neutral  hydrocarbons 
enlarging  the  two-dimensional  aromatic 
system  at  this  stage  rather  than  by 
coagulation  starting  a  growth  in  three 
dimensions . 

In  the  range  from  naphthalene  (128  u)  to  corenene  (300  u)  the  maximum  concentrations  of 
neutral  PAH  in  many  sooting  flames  decrease  on  the  average  by  one  order  of  magnitude  with 
an  increase  in  mass  of  about  80  u  [21],  The  growth  and  the  change  in  number  density  of 
neutral  PAH  with  m  >  300  u  ,  however,  has  not  yet  been  observed  directly.  A  single  older 
mass  spectrum  from  a  very  rich  flame  covering  the  range  from  350  to  550  u  shows  that  this 
rough  relation  is  not  valid  for  m  z  350  u  (22]  The  mass  spectra  of  the  PAH  ions  also  show 
that  beginning  from  this  mass  range  the  amount  of  carbon  that  goes  into  the  larger  par¬ 
ticles  increases. 

6.3  Coagulation 

Mass  growth  by  coagulation  is  the  next  step.  That  coagulation  of  soot  particles  takes 
place  has  long  been  known  from  the  decrease  in  their  number  density  during  growth.  But 
the  beginning  of  the  coagulation  causing  a  transient  bimodal  mass  distribution  has  first 
been  observed  by  us  while  measuring  the  growth  of  large  ionized  PAH.  At  the  height  where 
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the  coagulation  begins  (Fig.  8a,b)  the  strong  extra  ionization  o£  the  growing  soot  par¬ 
ticles  has  not  yet  started.  Therefore  the  variation  in  the  number  density  and  the  mass 
distribution  of  the  positively  charged  particles  reflect  the  variation  ir,  the  mass  distri¬ 
bution  also  of  the  uncharged  particles.  Measurements  using  method  (b)  have  shown  that  at 
this  stage  the  volume  fraction  of  uncharged  soot  is  more  than  99  %  (see  Fig.  9) . 


6.4  Polyhedral  Ions 

Formation  and  decay  of  polyhedral  ions  is  totally  different  from  that  of  all  other 
charged  species.  The  principle  that  can  be  recognized  so  far  is  the  following:  There  is 
no  indication  that  polyhedral  ions  grow  from  smaller  aromatic  or  poly-ynic  species.  The 
order  of  appearance  has  nothing  to  do  with  increasing  mass.  The  polyhedral  ions  seem  to 
appear  as  soon  as  the  smallest  soot  particles  have  been  formed.  In  benzene  flames  this 
occurs  already  within  the  oxidation  zone.  The  most  stable  of  the  polyhedral  ions  appear 
first.  The  less  stable  are  formed  later.  In  non-sooting  flames  there  are  large  PAH  ions 
but  no  polyhedral  ions.  It  is  our  working  hypothesis  that  the  polyhedral  ions  are  formed 
from  the  very  small  soot  particles  probably  by  partially  oxidative  attack  as  soon  as  these 
have  begun  their  three-dimensional  growth. 

In  the  zone  of  maximum  temperature  and  shortly  thereafter  there  is  a  partial  decay 
(or  oxidation)  of  these  ions.  The  degree  of  decomposition  is  largest  for  the  ions  that 
have  been  formed  late,  i.e.  the  less  stable.  In  the  region  of  largest  increase  of  the 
soot  mass  where  no  more  oxidation  is  possible  their  concentration  remains  constant,  apart 
from  a  slight  increase  of  the  particularly  stable  Cs0.  This  shows  that  they  are  not 
formed  from  larger  soot  particles,  that  they  are  comparatively  stable  at  high  temperature 
in  a  non-oxidizing  environment  and  that  they  are  not  re-incorporated  into  the  soot.  Their 
mass  range  is  limited  and  they  do  not  grow  by  coagulation  with  themselves.  Further  in¬ 
vestigations  of  these  interesting  carbon  species  in  flames  are  being  undertaken . 
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DISCUSSION 

O.Gulder,  CA 

Would  you  expect  the  same  sort  of  profile  if  you  were  to  have  a  diffusion  flame? 

Author’s  Reply 

The  profile  will  not  be  the  same  but  one  knows  that  in  diffusion  flames  the  soot  formation  starts  where  the  oxidation  zone 
touches  the  pyrolysis  zone,  and  I  wouldn't  be  astonished  if  you  also  see  all  these  ions  in  diffusion  flames. 
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RATES  OP  FORMATION  OF  SOOT  FROM  HYDROCARBON  FLAMES  AND  ITS  DESTRUCTION 
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*  Department  of  Fuel  and  Energy,  The  University  of  Leeds,  LS2  9JT 


SUMMARY 

In  the  first  part  of  the  paper  the  equations  that  have  ’oeen  proposed  in  the 
literature  to  describe  the  rate  of  soot  formation  in  hydrocarbon  flames  are  surveyed. 
Recent  work  in  this  laboratory  using  a  shock  tube  to  measure  soot  formation  rates  is 
outlined  and  the  correlation  equation  proposed  compared  with  that  of  other  workers. 

Data  on  the  rate  of  combustion  of  soot  particles  are  also  outlined  and  combined 
with  recent  measurements  in  this  laboratory  to  give  an  overall  soot  oxidation  rate 
expression. 

The  two  equations  are  combined  to  give  an  expression  suitable  to  describe  soot 
formation  and  burn  out  for  gas  turbines  and  tested  to  a  limited  degree. 


1 .  Introduction 

One  of  the  requirements  for  the  successful  design  of  a  gas  turbine  combustor  is 
the  ability  to  predict  the  concentration  of  soot  particles  from  a  knowledge  of  the  fuel 
concentrations  in  the  early  combustion  region,  and  to  predict  its  burn-out  in  leaner 
regions. 

The  amount  of  soot  produced  is  generally  too  small  to  influence  the  rate  of  heat 
release,  and,  in  principle,  its  rate  of  formation  can  be  calculated  from  a  knowledge  of 
the  hydrocarbon  and  oxygen  concentrations  if  an  appropriate  correlation  equation  is 
known.  In  general,  the  soot  concentration  is  given  by  [1] 

ffoxio  (1) 

dt  dt  dt 

where  c  is  the  actual  soot  concentration,  dcf/dt  is  the  rate  of  scot  formation  which  is 
a  function  of  hydrocarbon  and  oxygen  concentrations,  temperature  and  pressure;  and 
dcoxiD  /dt  is  the  rate  of  oxidation  of  soot  particles  which  takes  place  in  the  leaner 
zones  of  the  combustion  chamber. 


Soot  formation  in  flames  is  generally  envisaged  as  taking  place  in  three 
conceptually  separate  consecutive  stages.  The  initial  transformation  of  the  original 
fuel  into  a  particulate  system  is  known  as  nucleation.  The  small  spherical  particles 
first  produced  then  increase  in  size  in  the  growth  stage  (via  surface  growth  and 
coagulation),  and  finally,  fully  grown  particles  arrange  themselves  into  chains  by 
aggregation  [2].  The  processes  involved  are  illustrated  schematically  below: 
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Whilst  it  is  possible  to  describe  the  individual  steps  leading  to  soot  formation 
[3],  in  most  practical  cases  it  is  necessary  to  employ  global  kinetics  to  link  the 
concentration  of  the  initial  hydrocarbon  to  the  rate  of  soot  formation. 


Tesner  et  al  [4]  described  the  formation  of  soot  particles  in  an  aeetylere 
hydrogen  diffusion  flame  using  the  branched-chain  process  of  Semenov  [5],  the  radical 
nuclei  formation  step  being  given  by: 


dn/dt  *>  nQ  +  (f  -  g)n  -  gQ  Nn  (2) 

where  n  is  the  concentration  of  active  particles,  n0  is  the  spontaneous  origination  rate 
of  active  particles,  £  is  the  linear  branching  coefficient,  g  is  the  linear  termination 
coefficient,  g0  is  the  coefficient  of  linear  termination  on  soot  particles  and  N  is  the 
concentration  of  soot  particles.  The  rate  of  nuclei  formation  was  related  to  fuel 
concentration  by  the  following  expression: 
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-E/RT 


(3) 


vrhere  10 


1  3 


is  the  assumed  frequency  factor,  Nt;  is  the  acetylene  concentration,  E  is  the 


activation  energy,  R  is  the  gas  constant  and  T  is  the  temperature. 
The  rate  of  formation  of  soot  particles  was  given  by; 
dN/ot  =  { a  -  bN)n 
where  a  and  b  are  constants. 


(4) 


Essentially  the  same*  two-step  model  was  adopted  by  Magnussen  [6]  to  model  soot 
formation  in  turbulent  flames,  good  agreement  between  prediction  and  experiment  being 
cited  for  the  variation  of  mean  soot  concencrationc  along  the  axis  of  pure  acetylene 
flames . 

The  moit  generally  used  expression,  derived  foi  d l rect -i n ject i on  diesel  engine  use 
and  therefore  applicable  to  high  pressure  situations  is  that  due  to  Khan  et  al  T7}: 


dS 

—  s  C 
dt  V. 


and  VN 


(£) 


are  the  volumes  of  the  pool 


NTP 

where  Cs  is  the  soot  form,  tion  rate  coefficient, 

formation  zone  and  cylinder  contents  at  NT?  respectively,  is 

equivalence  ratio,  is  the  partial  pressure  of  unburnt  fuel,  Es 

energy  for  soot,  formation,  R  is  tire  universal  gas  constant  and 
temperature  for  6oot  formation. 

/.  similar  expression  was  cited  by  Naegel  i  et  al  [8]  to  correlate  relative  soot 
concentrations  in  a  gas  turbine  combustor; 


the  local  U'.Diirnt 
is  the  activation 
Tu  is  tbs  local 


AfP/A)3'42'  exp ( -b/T) 


(6) 


where  S  is  the  relative  soot  concentration,  A  is  an  arbitrary  pre-exponential  factor  and 
b  is  an  Arrhenius  type  temperature  coefficient.  The  relative  soot  concentration  was 
strongly  dependent  on  the  fuel/air  ratio,  consistent  with  the  equations  of  Khan  ct  al 

[73. 

More  recently,  Hitoyasu  et  al  [93  developed  a  mathematical  model  for  predicting 
the  rate  of  heat  roleas-*,  the  concent  rat  ion  of  exhaust  nitric  oxide  and  soot  in  swirl- 
chamber  type  (indirect  injection)  diesel  engines.  The  rate  of  soot  formation  was  cited 
as  being  strongly  affected  by  the  concentration  of  unburned  total  hydrocarbon  in  the 
flame,  and  was  given  by; 
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(7) 


where  PTI1(-  and  Po^  are  the  partial  pressures  of  unburned  total  hydrocarbon  and  oxygen 
respectively.  The  soot  oxidation  rate  incorporated  the  findings  of  Nagle  ana 
Str icx land-Conatable  [103. 

Farmer  et  al  [113  citing  previous  work  [12],  presented  a  similar  expression  for 
the  rate  of  soot  formation  in  a  jet-stirred  reactor; 

Rj,  -  AT3  CHcb  C02c  exp  (-E/RT  I  (B) 

where  Rp  is  the  soot  formation  rate  and  A,  a,b,c,  and  E  are  constants.  The  temperature, 
hydrocarbon  and  oxygen  concentrations  used  in  the  correlation  were  obtained  by 
experiment  [12]  with  the  soot  oxidation  rate  due  to  Nagle  and  Str ick land-Cons table  LlOJ 
again  being  used  to  allow  for  soot  burn  out. 


Wang  et  al  [133  investigated  the  combustion  kinetics  cf  soot 
and  other  selected  fuels  behind  reflected  shock  waves.  For 
mixtures,  the  following  correlation  equation  was  given  to  describe 
soot  formation: 


formation  for  toluene 
tolujne/oxy gen/ argon 
the  apparent,  rate  of 


RS0OT(9''ml  *  (5-55E  +  10)  .  exp<-41.8/RT  +  o(-48.1/R)  . 

U/T  -  1/Tj;  .  tC7H8D2-59  [0 CAr]°‘13  (9) 

where  o  is  a  variable  so  that  both  high  and  low  temperature  regions  are  represented,  and 
Tp  is  the  critical  temperature  (1000  K)  above  which  fragmentation  occurs;  o  «  o  if  T 
Tm,  otherwise  o  *  1. 
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developed  a  soot  model  to  predict  soot 
combustor  [15,16]-  Equations  are  given 


formation  in  the  primary  zone 
describing  the  soot  formation 


rates  applicable  to  the  three  gas  turbine  fuels,  keroaine,  gas  oil  and  F*50, 
kerosir.e,  the  following  expression  was  given; 
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(1C  Q 

*  CC 1 ) .[HC] ,exp{-12, 100/T)  -3x10  .[023  [ S] . exp( -7 , 800/T)  (10) 

where  C(l)  is  a  pre-exponential  collision  factor  for  soot  formation  equal  to  58  x  10’ 4 
at  3  atm.  and  4.80  x  10'4  for  10  atm.,  [!?v  j,  LO^],  and  [S]  are  the  fuel,  oxygen  and  son*- 
concentrations . 

More  recently,  Simmons  and  Williams  [1,17]  investigated  the  rate  of  soot  formation 
using  a  reflected  shock  tube  and  expressed  the  rate  of  Boot  formation  by  the  following: 

de 

If  -  tejCRIIJ1’  expf-Ej/HT)  -  C2r023b  exp(-E2/RT))  -  *9  l"~3  a'1  (11) 

where  [RH]  and  [O  ^  ]  are  the  initial  concentrations  of  hydrocarbon  and  oxygen 
respectively,  mol  m- 3  ;  a,  b,  C,  and  C .  are  constants,  E,  and  are  activation  energies 
for  pyrolysis  and  rich  oxidation  conditions  respectively,  *1  mol-1  ;  R  is  the  universal 
gas  constant,  J  mol-1  K ~ 1  ;  T  is  the  temperature,  K  and  dcoxiu/dt  is  the  rate  of  soot 
oxidation. 

The  development  of  this  equation  forms  the  basis  of  the  next  part  of  this  paper. 

2.  Experimental  Method  and  Results 


A  laser  beam  attenuation  technique  was  used  to  measure  the  rates  of  soot  formation 
and  to  determine  final  aoot  concentrations  in  experiments  involving  the  pyrolysis  and 
oxidation  of  benzene,  toluene  and  toluenc/n-heptane  mixtures  in  shock -heated  gases  as 
descrited  previously  [1,17].  The  reflected  shock  tube  used  is  illustrated  in  Fig.  1  as 
was  essentially  that  described  by  Coats  and  Williams  [3.1.  Both  lager  detectois  were 
shielded  from  thermal  radiation  by  narrow  bond-pass  filters  and  the  laser  beams  were 
mechanically  chopped  at  a  frequency  of  16  kHz  to  eliminate  residual  background 
radiation. 

Test  gas  mixtures  employed  were  diluted  by  more  than  98  mol  %  of  argon,  with  the 
test  gas  pressure  maintained  at  4.67  x  10*  Pa  for  all  experiments.  All  data  were 
obtained  in  the  temperature  range  of  1500-1950  K  and  pressures  of  2.6  to  3.6  x  lO1*  Pa. 
Tne  experimental  data  consisted  of  curves  expressing  laser  beam  attenuation  as  a 
function  of  time  (inset  Fig.  1),  measurements  of  this  type  were  made  for  benzene, 
toluene  and  toluene/n-hei  *ane  mixtures  under  pyrolysis  or  rich  oxidative  conditions 
where  <fr,  the  equivalence  ratio  was  in  the  range  6  to  11. 

From  the  laser  attenuation  records,  values  of  the  variation  of  the  soot 
concent  rat  ion,  c,  with  time  wore  obtained  using  the  conventional  absorbtion  and 
scattering  equations: 


f  ■  cxp[-Kitc} 


The  density  of  the  soot  particles  was  experimentally  determined  to  be  1860  kg  m  3 
for  all  the  soots  which  is  in  good  agreement  with  reported  values  [13,18],  The  most 
detailed  recent  analysis  of  the  values  of  n  (the  real  part)  and  k  (the  imaginary  part) 
has  been  by  Lee  and  Tien  [19],  the  variation  of  n  and  k  given  by  them  is  shown  in  Fig. 
2.  The  observations  of  Lee  and  Tien  [19]  tend  to  disprove  the  assumption  of  Dalzell  and 
Sarofim  [20]  that  room  temperature  values  of  n  and  k  are  valid  at  tlame  temperatures. 
Recent  work  in  this  laboratory  [21]  tends  to  confirm  the  validity  of  the  Lee  and  Tien 
[l  0  ]  data  at  rcoF-  temperature ,  hence  their  data  was  u»eu  Lu  determine  soot 
concentrations  despite  the  uncertainties  still  remaining  about  the  high  temperature 
r csul t  s . 

We  have  proposed  [1]  the  following  re lat  iorship  (which  Jei iveB  from  equations  1 

and  1 1 

dc,  .  -s 

~  [  Rll3a  expl-Ej/RT)  -  C2[02]n  exp(-E2/RT)  )  Kg  m  s  1  (14) 

Tne  form  of  this  expression  is  such  that  it  can  deal  with  oxidizing  and  pyrolytic 
situations;  also,  by  setting  dct  /dt  =*  0,  it  can  define  the  soot  boundary  (limits)  as  a 
function  of  the  gas  temperature.  However,  as  outlined  previously,  the  accuracy  of  this 
expression  is  dependent  on  the  validity  of  the  complex  refractive  index  chosen. 
Furthermore,  the  initial  formation  of  large  polycyclic  soot  precursors  [22]  or  aide- 
reaction  products  may  significantly  interfere  with  the  attenuation  calculations.  Fig.  3 


i 

L,. 
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[23]  illustrates  both  the  bathochromic  and  liyperchromie  shifts  associated  with  the 
increased  conjugation  in  polyaromatic  hydrocarbons  (BAH)  but  nhows  that  they  can  cnly 

influence  our  data  If  they  become  very  large  and  thie  is  further  developed  below. 

By  comparing  soot  yield  data  obtained  simultaneously  at  two  wavelengths  (63 -.8  and 
1152.0  nm),  an  attempt  was  made  to  determine  the  variation  in  total  PAH  concentration 
with  temperature.  Toluene  pyrolysis  data  waG  obtained  using  the  Lee  and  Tien  [19] 

values  of  the  complex  refractive  index  of  soot  derived  from  Fig.  2  at  300,  100(>  and  1600 

K.  At  lower  temper  at  urea ,  the  visible  results  -jyMbitea  higher  apparent  concent  rat  ions 
(SOOT  +  PAH)  than  the  infra-red  (SOOT  only),  in  agreement  with  the  findings  of  Graham  et 
al  [18].  However,  at  more  realistic  flame  temperaturej  (1600  K),  the  visible  and  infra¬ 
red  curves  yielded  no  conclusive  evidence  of  any  PAH  absorbtion.  Those  obaervat ioc-s  ate 
consistent  with  the  work  of  Rawlins  et  al  [22],  who  concluded  that  once  soot  formation 
takes  place,  laser  attenuation  by  soot  particles  renders  polycyclic  laser  Attenuation 
insignificant.  The  recent  findings  of  Beretta  et  al  [24]  lends  weight  to  this 
conclusion,  finding  that  the  molar  absorbtl vi t les  of  PAH'n  ooserved  in 
methane/ethene/oxygen  diffusion  flames  decrease  with  wavelength  over  tl.e  range  250  to 
436  nm. 

In  view  of  this  discussion,  the  visible  and  infra-red  results  were  combined  by 
using  the  Lee  and  Tien  [19]  values  for  the  complex  retractive  ind^x  at  1G00  X  for  the 
relevant  wavelengths.  Consequently,  the  rate  of  soot  formation  over  the  pressure  and 
temperature  range  investigated  can  be  represented  thus: 

Tol uene 

~  .  6.25xl05CC7Ha32'36  exp(-13,400/T)  -  2 . 32xl06r 02 ] 1 - 28  x  exp  (-21,000/T)  (15) 

Benzene 

=  4.6axl05CC6H6]2'02  exp (-14, 000 /T )  -  7 .9Bx 104[0, 1 ' ' 30  X  exp  (-15,000/1)  (16) 


Toluene/ n-Heptane 
d  c 

jO  .  6.25x105[C,H8]2'36  oxp(-13,400/'f)  +  5.35xl022  x  [C?H)  6  J"3  '  ‘J°  exp  (-117.300/T)  (17) 

Attempts  to  observe  soot  formation  in  pyrolyzing  n-heptane/argon  mixtures  (up  to  2 
mol  I)  or  low  percentage  aromatics  mixtures  similar  to  t-’rbir.e  fu-J)3  proved  unsuccessful 
in  our  apparatus  because  of  the  3hort  path  length  with  no  soot  formation  apparent. 
Evans  and  Williams  [25]  also  observed  very  low  soot  yields  from  n-heptane  ?i  relation  to 
toluene  and  buiiveue. 

However,  the  tolueric/n-heptane  expression,  though  adequately  describing  the  range 
of  experimental  conditions  investigated,  does  not  hold  for  the  condition  where  no 
toluene  is  present.  The  following  expression  takes  this  limitation  into  consideration: 

=  Fj [Total  Hydrocarbon]2*3^  exp( -13, 400/'7’)  (18) 

For  the  toluene/n-hepAane  mixtures  investigated  at  1800  K,  the  following  data  were 
obtained: 


mol  % 
AROMATIC 

wt  % 
FUEL 

hydrogen 

b 

MEASURED  ' 

SfOKE  POINT 
(mm)  j 

100 

10.0 

6.25x!05 

11 

00 

11.2 

5.31xlOJ 

15 

67 

12.0 

2.bOx)05 

17 

The  soot  yield  may  be  derived  from  records  of  the  type  inset  in  Fig.  1  where 
attenuation  ceases  to  increase,  reaching  a  final,  stable  value.  Soot  yield  ( ,  kg  nr 3 ) 
data  were  obtained  from  the  same  results  that  furnished  the  rate  data  and  yielded  the 
following  analogous  expressions: 
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Toluene 

Y2  b.95xl0J[C7Ha]2-27  oxpr-14.200/T)  -  1  -tixlO^tO^]2 ‘01  x  exp  (-26.600/T)  (19) 

Benzene 

Y2  *  95.2CC6H6)' •<i't  exp  (  -12, 30G/T )  -  1.45xl£l3  [Ojj1  ■'1  t  exp  (-19,900/T)  (20) 

Toluene/n-heptane 

Y2  =»  5.95x102[C7H8J2-J7  exp  (-14, 200 /*T)  +  1 . &:-xKI3f  C?  :u  ?~2  ‘  54  x  exp  (-40,100/T)  (21) 

Ao  before#  the  toT.ut.ie/n-heptane  expression  was  modified  to  the  form: 

Yj  *  F^CTotal  Hydrocarbon ]2 ' ^  exp( -14 , 200/ r)  (22) 


For  the  toluene/n-heptane.  niixtures  investigated  at  1800  K,  the  following  data  were 
obtained : 


jhq  ‘  * 
ARoitATIC 

wt  % 
FUEL 
hYDROGEN 

IV 

i 

‘INSURED 
SMOKE  POINT 
( mro) 

100 

10.0 

O.95xl02 

.  _ 

11 

1  80 

11.2 

5.57xl02 

13 

1  67 

12.0 

2.83X.102 

_ - _ 

The  mixture  studied  have  aromatic  contents  higher  than  current  aviation  fuels, 
but  the  data  c«r.  be  extrapolate’  so  that  with  mixtures  with  25%  aromatics  F>  =  1.0  x 
10?-#  and  with  20%  the  value  is  0.5  x  10^. 

3.  Comparison  of  Different  Soot  Forming  Expressions 

Ideally#  in  order  to  .'Ompare  the  accuracy  of  the  various  equations  they  should  be 
comp  reJ  with  expe: i cental  data  et  coot  concentrations  which  have  been  measured  in 
conjunction  wit!  local  concentrations  of  hydrocarbon  and  oxygen.  No  such  data  seems  to 
be  av  -•  wle. 

Application  of  the  equations  cited  in  the  literature,  which  for  convenience  arc- 
listed  in  Table  1#  is  difficult  because  often  important  constants  or  units  are  not 
specified.  Of  those  listed  four  were  selected  for  comparison  and  these  are  given  in 
Table  2. 

Rates  of  soot  formation  were  calculated  for  equivalence  ratios  of  5  and  7  be*ucen 
1600  and  loOO  K#  and  these  are  listed  in  Table  2.  It  seems  that  there  is  modest 
agreement  between  Khan  et  al  [7],  Wang  et  a)  [13]  and  this  work.  Taking  the  data  for  $ 
=5,  T  *  1000  K  we  find  respectively  0.17,  11.16  and  0.43.  The  results  for  Najjar  [14] 
are  much  higher:  i*  is  possible  that  we  are  not  applying  this  equation  correctly  because 
in  this  type  of  calculation  we  cannot  include  the  oecond  term  which  requires  a  soot 
concentration  tf-rm. 

It  s)  nuld  be  not^d  that  since  the  Kh.-»n  et  al  [7]  work  wag  specifically  for  diesel- 
like  situations  il»-  accuracy  in  other  situations  may  be  less  accurate.  On  this  basis 
the  results  by  Wang  ct  al  [13]  and  these  presented  here  seem  to  be  the  most  accurate, 
and  one  must  conclude  that  these  form  the  upper  and  lower  bounds  of  the  limits  of 
accuracy  of  the  rate  expressions- 

4 .  Soot  Oxidation  Rates 

Soot  particles  formed  in  relatively  fuel-rich  regions  of  the  combustion  chamber 
may  be  burned  out  in  subsequent  leaner  regions. 

Few  measurement s  have  been  made  of  the  burning  rates  of  in-situ  flame  generated 
soot.  Nagle  and  S ti ickl ar.d-Conetable  [10]  however  deduced  a  model  applicable  to  carbons 
generally/  this  being: 


'20exp(-30,000/RT(Po2)  ) 

1  +21 . 3exp(4100/RT(Po2) ) 


X  +4.46x10  exp(-lr;,  200/RT(Po2) )  ( l-xl 


1 . 51x10  exp (-97, 000/RT) 


where  X  *  1  + 


where  R  Is  the  rate  of  oxidation/uni t  area  of  soot  surface,  although  this  is  based  on  an 
assumption  of  first  order  kinetics  for  the  reaction  between  caibon  and  oxygen,  which  ig 
now  known  not  to  apply  under  flame  conditions. 

Lee,  Thring  and  Beer  [26],  using  in-situ  propane  flam<  generated  soot,  also 
derived  an  expression  for  the  burning  rate,  this  being: 


rate  of  combust ion/uni t  area  ■  l.OHSxlO 


-39,300 
exp  rt 


although  it  also  follows  the  Nagle  and  Strickland-Constable  [10]  approach  to  the 
problem. 

Other  studies  have  been  undertaken  by  a  number  of  other  groups  in  related  areas. 
Park  and  Appleton  [27]  have  studied  the  oxidation  of  carbon  blacks  in  a  shock  tube; 
Tesner  and  Tgibulevsky  [28J.  Fenimore  and  Jones  [29]  and  Garo,  Laha/e  and  Prado  [30] 
have  made  flames  studies;  Chan  et  al  [31]  have  low  temperature  oxidation  studies,  Smith 
[32]  and  Hargrave  et  al  [33]  have  considered  coal  char  combustion  rates.  The  results 
from  these  workers  are  compiled  in  Fig.  4  (based  on  refs.  27,  3L). 

It  is  generally  agreed  that  soot  particles  are  so  small  (typically  50  to  100  nm) 
that  the  rate  of  oxidation  is  not  limited  by  diffusion  under  normal  combustion  chamber 
conditions  (by  typically  an  order  of  magnitude)  and  that  the  soot  i6  essentially  non- 
porous.  In  this  case  the  rate  of  the  intrinsic  chemical  reaction,  ,  between  the  soot 
surface  and  oxyqen  is  given  by 

pi  =  Ri  c°2]"  <”> 

where  R*  is  the  intrinsic  rate  coefficient  and  [o^]  is  the  concentration  of  oxygen  at 
the  surface  raised  to  the  reaction  order  m- 

The  re) at ionship  between  Rj  and  the  observed  rate  of  oxidation  per  unit  surface 
area,  P0hs  #  may  he  expressed  as: 

pobS  ■  1  p  *9  Ri  r<Vm  (25) 

where  v  is  the  characteristic  particle  size  defined  as  the  ratio  of  the  particle 
volume/particle  external  area,  o  and  Ag  are  the  density  and  total  surface  areas 
respectively.  This  applies  to  soot  chains  or  particles  of  any  shape,  but  for  a 
spherical  particle  it  becomes 


where  ms  is  tbs  mass  of  the  soot  particle-  The  value  of  the  reaction  order,  m,  has  the 
value  of  zero  at  low  temperatures  [31]  and  about  0.5  at  flame  temperatures  [33]. 

In  order  to  make  comparison  of  the  reactivities  of  different,  samples,  on  a  same 
oxygen  partial  pressure  basis,  the  available  data  (and  not  all  the  information  given  ir, 
Fig.  4  can  be  ueed  in  this  way)  were  normoiised  by  calculating  the  intrinsic  rate 
coefficient,  Rtl  and  then  determining  the  oxidation  rate  at  an  oxygen  partial  pressure 
of  101  kFa.  This  data  is  given  in  Fig.  5-  It  seems  that  on  the  basis  of  all  available 
experimental  data  the  best  fit  value  at  flame  temperatures  is  given  by: 

p;  =  10  ^  exp(-160/RT)  kg/cm^  e  (20) 

where  the  activation  energy  is  in  kJ/mol .  This  can  be  recast  as  follows: 

Rate  of  combustion  of  a  single  s,  arical  soot  particle  =  LC^J'  nd^  Kg/s 


dCOXID  6x10  c  _  f-160')  rr4  ,i 

dt"  ■  — o3 -  e:tp  [  ~R?J  r°2] 


where  J  is  the  diameter  of  the  soot  particle  (m),  and  p  is  the  density  (Kg/mM,  [02]  is 
the  O2  concentration  ir.  atm.  In  applying  this  equation  there  are  two  problems.  Firstly 
the  soot  particle  temperatures  may  not  be  the  same  as  the  ga6  temperatures,  and  secondly 
the  availability  of  oxygon  in  turbulent  ccmbui  .ion  situations  (i.e.  whether  chemical 
control  holds  under  these  conditions). 
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From  a  radiation  balance  it  is  possible  to  estimate  the  soot  particle  temperature 
'overshoot*  (Tp  -  Tg)  from: 

(i,  =  h  [  (T  -  T  )  4  e  0  (T4  -  T4 )  I  /Ati  (30) 

obs  t  P  g  P  m  J 

wucre  h  is  the  heat  transfer  coefficient,  Tp  and  To  the  paiticle  and  gas  temperatures,  c 
the  particle  emisaivlty,  6H  (for  combustion  to  CO)  equals  9-781,  T,n  is  the  temperature 
of  the  surrounding  combustor  walls.  Under  gas  turbine  combustion  chamber  conditions 
with  low  carbon  burnout  rates  it  seems  that  the  degree  of  overshoot  is  negligible- 

.*.8  far  as  turbulent  mixing  control  is  concerned  one  must  generally  assume  in  gas 
turbine  situations,  which  are  lean,  that  turbulent  mixing  is  not  a  controlling  factor- 

5 .  Applications  to  Gas  Turbine  Combustion  Chambers 

In  general  many  treatments  of  turbulent  reacting  flows  aosume  that  the  mean  rate 
of  production  (or  loss)  of  a  chemical  species  is  a  function  of  the  mean  state.  That  is, 
it  is  equivalent  to  laminar  flow- 

The  analyses  that  have  been  presented  here  have  been  based  on  the  assumption  that 
both  soot  forming  and  soot  burning  are  chemicalLy  controlled-  This  assumption  has  been 
used  by  Najjar  [14]  and  Edclnan  et.  al  [12],  for  both  soot  forming  and  soot  burning 
conditions,  although,  to  a  certain  degree,  the  expressions  that  they  derived  have  an 
inherent  turbulence  factor  incorporated  into  them. 

The  present  data  can  be  represented  by  the  following  expressions 

§f  «  (c^Riu3  oxpc-Sj/rt) -.c2roa:ib  exP(-E2/RT);  -  e*p  (-^j  on 

within  the  temperature  range  of  1300  to  3850  K.  It  should  be  rioted  that  for  the  burn¬ 
out  part  of  the  equation  it  io  necessary  to  know  c  either  by  experiment  or  by 
calculation  using  the  first  term  of  equation  (31). 

This  equation,  and  the  yield  equations,  are  applicable  to  premixed  or  diffusion 
flames  tut  must  be  applied  to  the  local  concent rat  ions  of  the  reactants.  Whilst  some 
researchers  [34,j5jhave  incorporated  turbulent  mixing  control  steps  into  the  application 
of  such  models  the  choice  at  present  is  arbitrary  and  the  straight  application  of  the 
above  equation  9cemn  satisfactory  but  only  if  local  concentrations  are  employed. 

As  far  as  the  accuracy  of  the  equations  to  practical  systems  is  concerned  it  can 
be  tested  in  three  ways: 

(i)  We  note  that  if  the  equation  is  applied  to  a  model  gas  turbine  combustor  [34] 
Usinq  a  Jet  Al  fuel  (13.77$  H,  18.3%  aLOnxilics,  27  mm  smoke  point),  and  assuring  6 
'local'  equivalence  of  £  *  7  we  find  that  the  calculated  concentration  of  soot  is 
0.8  x  10~3  kg  cr3  U9ing  our  extrapolated  data  to  a  27  mm  smoke  point.  This  may  be 
compared  with  experimental  results  [34]  of  !.3xl0"3  kg/m" 3  for  an  inlet  air  fuel 
ratio  of  40/1,  and  0.6xl0‘3  kg/m‘3  for  a:»  air  fuel  ratio  of  50/1.  Variations  in 
soot  yi'.-ld  found  here  are  also  consistent  with  variations  in  aromatic  content  of 
the  fuel  [36]. 

(ii)  The  pressure  dependence  of  the  smoke  yield  is  given  commonly  by  the  expression 

[37]:  Smoke  a  P  *  .  Essentially  equation  (11)  has  a  form  that  is  consistent  with 
th^a  dependence:  this  is  because  rhe  fuel  ter.1"  (fuel-2-16)  dominates  the 

expression . 

(?ii)  Secondly  the  form  of  equation  (11)  should  predict  the  sooting  limits,  because  at 
the  soot  boundary  def/dt  -  0,  that  is 

Cj  [RH]a  expt-Ej/RT)  =  C2  [o?3b  exp{ -E_/RT )  (32) 

which  maps  out  the  boundary.  Such  a  boundary  is  given  in  Fig.  6  b.-.ssd  on  lef.  33 
wheie  the  concentrations  indicated  refer  to  toluene.  It  is  clear  that  our  soot 
boundary  is  slightly  too  rich,  this  indicates  probably  that  the  oxygen  term  (which 
is  derived  indirectly)  is  probably  too  small.  Indirectly  this  would  imply  that 
our  »ate  of  ooot  formation  is  possibly  on  the  low  side  by  an  estimated  factor  of 
2.  Cleaily  more  work  is  required  over  a  wide  range  of  conditions. 
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Figure  1.  sell.™..,!,  n'l’iosontat  ion  ul  iho  shock  tube  with  .1  Mio,  .ittciuMtlon 

illustrated. 


Figure  2.  Measured  and  predicted  spectral  refractive 
indices  at  different  temperatui e& . 19 


{*  Propane  (room  temperature)  L’alzeJl  and  Sarofim; 

+  Propane  (room  temuecatme)  Dalzell,  Williams  and  Hot  tel; 
1  Propane  (>  room  temperatui  e>  Cluppctt  ant  Craj  ; 

P)  Acetylene  (I  lame  temperature )  Chippett  and  Gray; 

*  Toluen*\  ,  , 

O  Methane]  (room  temperature)  Mullins  and  Williams)17 


10  /T  (K  ) 


Fjguie  Intrinsic  soot  oxidation  rate  at  an  oxygon  partial  pressure  cf 
1.01  x  1 0^  Pa.31;  O2^;  •2/;  B29;  +3';  -  -32. - 13. 
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DISCUSSION 


H.May,  Of. 

Did  you  investigate  also  the  influence  ol  different  aiomatic  structures  as  Mono  —  bi  —  and  IMIyaromaties  on  soot 
function.-  ? 

Author’s  Reply 

We  have  not  investigated  the  influence  of  two  or  thice  very  aromatic  compounds  on  soot  formation  because  they  .ve  not 
volatile  enough  to  get  a  sufficient  high  vapour  partial  pressure;  we  hope  to  heat  out  shock  tube  in  the  future  to  do  this. 


A.Ortmmcy,  KR 

Dans  voire  article,  vous  derive?  quo  vos cssais  ont  etc  realises  jusqu’a  une  prcssion  tie  3.5  X  !()'  pa.  I *n visage?- voas  do 
faire  des  cssais  sous  des  pressions  plus  elcvccs? 

Author’s  Reply 

Wc  appreciate  that  the  pressure  range  studied  is  rather  limited  and  vvx  would  wish  to  extend  the  experiments  to  higher 
pressures  (and  other  fuels)  to  obtain  more  precise  data. 


K.HJIormmn,  GE 

If  the  formation  term  and  the  oxidation  term  in  your  equation  become  equal  there  would  he  a  stationary  soot  volume 
fraction.  You  determined  the  soot  threshold  from  that  condition.  What  stationaiy  soot  volume  fraction  do  you  calculate 
for  those  conditions  and  how  does  this  compare  with  experimental  soot  volume  fractions  at  the  threshold? 

Author's  Reply 

You  are  correct  in  staling  that  when  pyrolysis  and  oxidative  terms  are  equal,  this  represents  a  stationary  state.  1  lowevcr. 
we  would  consider  that  the  soot  forming  boundary  is  set  by  the  icgion  immediately  on  the  lean  side  of  the  boundary  shown 
in  l-ii’.fi.  In  this  region  there  is  no  soot  present  if  one  assumes  that  this  is  the  equilibrium  condition  (time  independent)  with 
infinite  amounts  o!  fuel  and  oxygen  available. 
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SUMMARY 


The  influence  of  pressure  on  scot  formation  h«5  been  investigated  fur  pyrolysis,  prefixed  flames  and 
diffusion  flames.  Detailed  kinetic  studies  are  available  for  the  first  two.  They  show  that  the  essential 
steps:  particle  inception,  induction  time  (t),  coagulation  and  surf  ice  growth  remain  similar  for  different 
pressures,  also  the  influence  of  temperature  on  the  maximum  amount  of  coot  formed,  t  for  pyrolysis  depends 
on  the  carbon  density,  strongly  on  temperature  and  only  slightly  on  pressure.  The  coagulation  rate  constant 
decreases  slightly  towards  higher  pressures.  The  amount  (fy)  of  soot  formed  per  cm*  for  a  given  fuel-air 
mixture  increases  with  pressure  P  like  Pn.  n  was  found  for  C^H^-air  up  to  3,  lor  other  fuels  near  one.  it 
depends  on  pressure.  Larger  f,,  means  larger  soot  particles,  larger  radiation  losses  and  longer  oxidation 
time  at  a  given  temperature  and  therefore  higher  chance  for  smoke  emission. 


INTRODUCTION 

Pressures  applied  in  terhmcal  combustion  processes  range  from  one  (atmospheric  pressure)  to  about  200 
bar.  The  high  pressures  arc  reached  as  maximum  pressures  in  mudern  Diesel  engines,  combustion  chambers  run 
up  to  about  30  bar,  while  stationary  burners  in  general  operate  closer  to  atmospheric  pressure-  In  any  of 
these  combustion  devices  soot  can  be  formed  if  a  sufficiently  high  "carbon  concentration"  (as  fuel  or  other 
hydrocarbon*  is  present  in  a  range  of  sufficiently  high  temperature  for  sufficient  time  (13. 

Soot  will  be  emitted,  if  the  soot  particles  formed  are  not  oxidized  in  the  combustion  process.  The 
oxidation  of  soot  praiicles  depends  strongly  on  temperature.  It  is  therefore  r.ecessai  y  to  keep  the 
particles  long  enough  at  a  hich  temperature  in  an  oxidizing  atmosphere.  The  int luenoe  of  the  0*  concentra¬ 
tion  is  not  very  pronounced,  as  long  as  it  is  above  a  certain  limit,  but  the  size  of  the  soot  particles 
influences  the  residence  time  required  for  total  oxidation  (13. 

Soot  emitted  through  the  exhaust  system  of  a  combustion  device  is  m  general  quite  different  from  that 
product,  which  is  formed  within  the  combustion  process.  Its  appearance  depends  on  jts  history  with  respect 
to  temperature,  tcmpciatui e  gradients,  concentrations,  pressure  etc.  in  the  •'Xhaust  system.  This  is  clearly 
shuwn  by  a  comparison  of  the  soot  emitted  at  the  valves  of  a  Diesel  engine  and  the  smoke  leaving  the 
exhaust  pipe.  This  is  of  importance  foi  discussions  about  the  particulate  emission  of  combustion  devices. 
This  later  part  of  soot  life  will  not  be  considered  here.  The  present  paper  describes  results  of  investiga¬ 
tions  about  the  influence  of  pressu-e  on  soot  formation  und<°r  the  well  defined  conditions  of  hydrocarbon 
pyrolysis  in  shock  waves  and  in  laminar  premixed  flames  as  well  as  some  results  ubtained  with  laminar 
diffusion  flames. 

PYROLYSIS 

Soot  formation  in  the  gas  phase  has  bed.  studied  under  isothermal  conditions  in  flow  systems  (23  and 
in  shock  tubes  0-113.  For  many  different  fuels  experiments  have  been  performed  at  pressures  up  to  about  7 
bar  (7,83.  Until  now  experiments  at  much  high  pressures  are  available  only  for  and  C2H2  diluted  in 
rare  gas.  For  these  two  fuels  soot  formation  has  been  studied  at  pressures  up  to  around  230  bar  in  j  wide 
range  of  temperature  (3,63. 

Fig.  1  Shows  an  emission  signal  for  a  mixture  of  in  Ar.  taken  at  a  wave-length  Of  8000  A  at  a 
pressure  near  13u  bar  and  temperature  of  2100  K.  taken  through  a  narrow  slit  from  the  side  of.  a  high 
pressure  shock  tube  ffil.  Thic  =i*ni!  iz  at  least  at  the  begriming  oi  the  process  when  fy  <  10-'  gr/cmJ 
nearly  proportional  to  the  amount  of  soot  fv  -  N*v  in  cm’  present  per  cm.  N  is  the  number  of  soot 
particles  per  cm^  and  v  the  mean  particle  volume,  tin  thr  final  part  of  the  process  shown  the  Rayleigh 
condition  is  not  fulfilled  anymore.)  This  emission  signal  is  typical  for  soot  formation.  Starting  from  tunc 
zero  (front  of  the  incident  or  reflected  shock  wave),  there  is  no  signal  until  after  a  certain  induction 
period  t  (the  absorption)  or  emission  signal  rises.  The  increase  of  tne  signal  continues,  than  it  slows 
down  and  approaches  a  nearly  horizontal  line  which  is  due  to  a  (nearly  constant)  value  of  fv  «  f„.  Towards 
still  longer  tim-s  the  signal  rises  again,  however,  with  a  much  lower  time  constant,  which  16  due  to  a 
slower  process. 

The  characteristic  properties  (6.7,83  of  this  signal  are  similar  for  different  temperatures,  for 
differed*  fuels  and  also  for  different  pressures.  It  is  to  be  expected  that  this  holds  also  for  pressures 
higher  than  those  used  in  the  experiments  desr 1 lbes  here.  For  a  quantitative  evaluation  of  the  signals  the 
opt. cal  properties  of  the  soot,  the  particle  size  relative  to  the  wave-length,  the  influence  of  species 
other  than  soot  etc.  have  to  be  known.  Rather  independent  from  these  properties  are  the  characteristic 
times  like  the  induction  period  or  rates  as  represented  by  the  slope  of  the  signal  in  Fig.  1  around  the 
turning  point. 


induction  time 

The  induction  lime  for  snot  formation  in  a  pyrolysis  process  is  an  important  property.  It  is  not  a 
unique! iy  defined  time  but  it  depends  to  a  certain  extent  on  the  experimental  temnjque  used.  This  is  quite 
obvious:  within  this  induction  period  essential  parts  of  the  soot  formation  process  happen,  The  fuel  is 
pyrolysed  and  during  this  pyrolysis  process  many  intermediates  are  formed  which  again  tend  to  form 
acetylenes  and  at  sufficiently  high  carbon  concentrations  aromatic  compounds.  Finally  the  first  very  small 
soot  particles  appeal.  These  compounds  absorbe  light  at  different  wave-length.  This  in  fact  can  he  used  as 
a  in  ugh  method  to  follow  the  appearance  of  these  species  [11,12].  Therefore  ar«  induction  period  determined 
by  absorption  around  5000  A  will  be  shorter  than  one  measured  at  8000  A  or  in  the  infrared  [7,8].  This 
complicates  a  comparison  of  data  from  different  authors.  Even  though  the  absolute  data  of  the  t  values 
determined  with  different  methods  differ,  their  dependences  on  P  or  T  usually  run  parallel  [5-8]. 

I7ie  temperature  dependence  of  the  induction  periods  for  soot  formation  has  been  investigated  in  ,.ome 
detail  C J— 1 2 3 .  For  a  given  C  atom  concentration  the  i  values  s'iow  a  distinct  dependence  on  the  type  of  fuel 
[13].  but  the  apparent  energies  of  activation  for  the  different  fuels  are  very  similar:  The  values  of  x 
fall  Steadily  towards  higher  temperatures  as  shown  in  Fig.  2  It  is  much  harder  to  determine  the  influence 
of  total  pressure  and  of  fuel  concentration  on  soot  format jun  and  especially  on  induction  period  than  that 
of  temperature. 


Fig.  2  gives  measured  induction  periods  for  the  pyri  lysis  of  C2H2  for  pressures  from  0.3  to  200  bar 
and  for  total  carbon  concentrations  from  2* 10* 7  to  2'U''^  C  atoms  per  cm  .  The  uppei  line  in  Fig.  2 
represents  a  set  of  data  from  FrencLlach  et  al ,  [83  for  [Cl  -  5 •  1 0 ^  and  pressures  between  2  and  3  bar 
(measured  at  6728  X).  This  line  represents  the  experimental  points  (not  shown  here)  very  well.  Within  the 
range  indicated  by  the  bar  around  that  line  values  obtained  by  [8]  fur  caibon  concent  rat  iur.s  from  2*lo'7  to 
2’10‘  i  atoms  per  cm3  for  pressures  from  0.3  to  7  bai  are  located.  Part  of  these  data  are  shown  separately 
in  Fif,.  3  in  order  to  indicate  the  influence  of  various  jarameters.  In  the  lower  part  of  Fig,  2  data  are 
given  which  have  been  obtained  in  our  laboratory  (S.6]  a  pressures  from  40  to  200  bar  and  [C]  from  4*10  7 
to  2*10*^  atoms  per  cm3  by  following  light  emission  at  80(J0  A.  (This  emission  measurements  give  results 
very  similar  to  absorption  measurements  at  the  same  wav» -length  as  shown  in  C  S  3 .  >  The  three  dashed  lines 
are  obtained  from  an  approximation  used  by  Fiencklach  C8  I  winch  reads  x* [^2H2]0•*t/‘,  “  e  («  14700/Ti 
calculated  for  three  different  concentrations  There  seems  to  be  a  goed  agreement  between  the 
experimental  results  and  this  approximation  and  t**»  total  variation  of  x  over  two  orders  of  magnitude  can 
be  covered  by  the  dependence  cf  x  on  the  C-lij  concentration  alone  without  a  separate  total  pressure 
influence.  There  are,  however,  experiments  «»i  high  pressure  [5,6]  uith  rather  low  [C3  values,  wh»ch  should 
be  higher  up  in  the  diagiam,  if  ther^  js  not  separate  influence  of  pressure  on  the  induction  times.  The 
high  pressure  data  aloi.e  can  in  fact  be  better  approximated  using  a  weaker  dependence  of  x  on  l Pn 
additional  influence  of  the  .otal  density  p  for  example  in  the  approximate  [63  form  t  -  CCjH^  • 
Cp]"0,3"'7  .  The  assunpt  ii-n.  thet  higher  pressure,  at  otherwise  similar  conditions  accelerates  the 
formation  of  the  first  small  soot  particles  does  not  seem  to  be  unreasonable. 

For  the  pyrolysis  of  C2H».  there  are  data  available  for  pressures  from  1  to  abou  5  bai .  They  can  be 
represented  with  an  apparei  t  energy  of  activation  of  about  40  kcal/mul.  Data  louarJs  higher  pressures  have 
been  obtained  in  our  labor,  tory  [5,61  in  the  range  from  9  to  225  bar  for  [C]  -  2*10i7  to  4' 10*^  atoms  per 
cm3.  A  presentation  of  thcee  data  in  the  lo:m  x^fC^Jl.,]  as  a  function  of  T-1  as  shown  in  Fig.  4.  As  for  the 
pyrolysis  of  C2H2  the  approximation  of  x  for  the  data  presented  .h«.c  „nu  those  of  other  authors  can  be 
improved  it  a  dependence  of  t  on  the  total  density  is  included.  This  is  indicated  by  Fig.  5  which  shows  the 
induction  periods  for  pyrolysis  for  different  pressure  rar»y.e«.  Here  the  apparent  , <j»-j&ivs  uf  activa¬ 
tion  fur  x  at  oillerent  densities  show  a  systematic  tendency  fion  J0w  to  high  total  pressures, 

Foj  other  fuels  pyrolysis  data  are  available  only  at  pressures  below  )0  bai  and  a  set.  of  induction 
periods  as  a  function  of  temperature  is  given  in  [131.  Some  additional  dat  .  are  shown  [Si  in  Fig.  6  for  an 
approximately  constant  C  atom  density.  The  different  hydrocarbons  exhibit  under  eqcai  conditions  different 
absolute  values  of  the  induction  times,  with  aromatics  having  low  t  values  3nd  C-2  hydrocai  boos  higher  ones, 
an  exception  is  vinylacetylenc  C^H^.  The  slopes  of  most  of  the  turves  do.  however,  not  differ  very  much, 
the  influence  of  hydrocarbon-concent  rat  ion  and  total  pressure  on  x  seem  to  be  similar  to  those  mentioned 
above.  (Quantitative  data  for  high  piessures  are  still  missing.)  The  dashed  line  corresponds  to  the  toluene 
curve  for  0.3  -  0.7  bar.  it  belongs  to  a  mixture  which  has  equal  l>2  and  C^Hg  concentrations.  For  the  1.9  - 
3  bar  C^Hg  curve  addition  of  corresponding  amounts  of  02  dees  not  influence  the  induction  period,  higher  Oj 
additions  generally  reduce  x  also  for  other  fuels  [8J. 

For  combustion  processes  operating  at  high  pressure  the  stoichiometry  applied  under  normal  operation 
conditions  does  not  differ  much  from  that  used  in  burners  for  luver  pressures.  Therefore  the  above 
mentioned  data,  even  if  the  influence  of  fuel  concentration  and  total  pressure  cannot  be  precisely 
separated,  do  show  that  the  first  phase  of  6oot  formation  is  strongly  favoured  by  high  pressure. 


lyrLl'EHCS  OF  TSuGSuRC  Oil  oOOI  tiaSs  ukumih 

As  shown  in  Fig.  1,  the  soot  volume  fraction  f y  'cmJ/cff.3>  starts  to  rise  after  the  induction  period 
and  than  approaches  a  "stationary"  value  f-t  This  second  phase  of  soot  formation  following  the  induction 
period  can  often  be  approximated  [6,13,14,15]  by  an  empirical  expression  df/dt  -  kfrf„-f)_  There  are  two 
different  methods  used  in  the  literature  in  order  to  characterize  t fn_  rate  of  soot  growth.  For  shock  tube 
experiments  in  which  f„  can  often  not  be  reached  because  the  time  available  in  the  shock  tube  is  too  short, 
it  is  convenient  to  draw  the  tangent  at  the  signal  in  Fig.  1  around  the  turning  point  and  take  the  slope  at 
that  point  as  a  measure  for  the  rate  of  soot  growth.  Another  possibility,  often  used  in  flames  is  [I]  to 
determine  dfv/dt  and  plot  it  as  a  function  of  i'v,  or  to  plot  log{f«,-fv)  as  a  function  of  time.  On  the  basis 
of  the  formula  mentioned,  the  first  method  gives  a  rate  which  is  nearly  equal  to  df/dt  r  kf„  but  includes 
more  of  the  beginning  of  the  process,  while  the  second  method  can  give  M 1/sec)  directly,  which  in  flames 
proved  to  be  a  function  of  temperature  which  is  independent  of  the  fuel  structure  [14].  This  second  method 
puts  more  weight  on  the  later  part  of  the  soot  formation  prucess. 
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An  interesting  quantity  for  soot  formation  Is  the  total  amount  of  sno<  f„  formed  trom  a  given  fuel 
carbon  concentration,  the  soot  yield.  In  premixed  flames,  In  a  wide  range  of  conditions,  this  soot  yield  in 
the  burned  gases  is  small  compared  to  the  carbon  present  as  hydrocarbon  like  acetylenes  and  other  thermo¬ 
dynamically  rather  stable  hydrocarbons  C163.  For  shock  tube  pyrolysis  experiments,  as  mentioned  above,  it 
is  often  not  possible  to  reach  or  even  to  come  close  to  f„  because  the  observation  time  is  usually  less 
than  a  few  mi lliueconds.  In  cases,  where  £a  can  be  reached  i>  in  the  high  pressure  experiments  [5, hi 
reported  here  within  the  time  available,  normal  simple  optical  methods  like  absorption  measurements  cannot 
easily  be  applied  for  the  determination  of  the  properties  of  the  soot  particles,  because  these  may  be  so 
large  that  they  are  no  longer  in  the  Rayleigh  regime.  It  would  therefore  be  necessary  to  perform  laborious 
angle  dependent  light  scattering  experiments  with  high  time  resolution  in  order  to  obtain  the  properties  of 
the  soot  particles  £173. 

There  are  two  observations,  which  are  of  interest  in  relation  to  f„.  buckendahl  C5l  in  our  laboratory 
found  for  CjH^  pyrolysis  in  shock  waves  at  high  pressure  (  100-200  bar)  that  the  "rate  constant"  kf 
determined  with  either  one  of  the  above  mentioned  methods  and  plotted  as  a  function  of  temperature  pass 
through  a  maximum  at  temperatures  between  2000  and  2300  K  (depending  on  C,H/4  concentration  and  total 
pressure). 

Shortly  afterwards  Graham  et  al.  C7J  used  Laser  absorption  in  order  to  determine  the  amount  of  soot 
formed  during  pyrolysis  in  shock  waves,  lhey  found  especially  for  aromatic  hut  also  for  other  compounds, 
that  the  fraction  of  carbon  atoms  transformed  into  soot  after  a  given  time,  the  soot  yield  at  time  t, 
increases  with  temperature,  passes  through  a  maximum  and  than  decreases  towards  higher  temperatures.  This 
is  shown  in  Fig.  7  for  several  fuels. 

In  recent  years  especially  Frencklach  and  his  colleagues  18]  investigated  this  phenomenon  in  great 
detail  for  different  fuels,  fuel  combinations,  and  fuel-oxygen  sysrems  and  found  many  interesting  rela¬ 
tions.  A  strong  Influence  of  the  carbon  concentration  on  the  soot  yield  curve  is  shown  in  Fig.  8  for  two 
concentrations  of  CjHj  as  an  example  [8). 

A  comparison  between  Fig.  7  and  8  shows,  that  the  maxima  of  the  soot  yield  curves  for  and  for 

aromatic  compounds  appear  at  different  temperatures.  One  may  ask,  how  these  bell-shaped  curves  are 
"generated''.  On  tne  low  temperature  side  the  shape  of  these  curves  is  determined  by  the  induction  time  for 
soot  formation  tsee  Figs.  2, 3,4.5).  On  the  high  temperature  side  it  is  the  rate  of  soot  mass  growth  which 
reduces  fv  present  after  a  certain  time.  This  is  nicely  demount  rat  2d  by  the  soot  yield  profiles  shown  in 
Fig.  9  for  times  up  to  2.5  ms.  <E(m)  is  a  function  of  the  optical  properties  of  the  soot  particles)  in 
connection  with  the  curves  in  Fig.  7  und  8  (which  are  obtained  for  a  certain  fixed  observation  time!).  For 
a  temperature  of  1587  K  (see  rig.  9j  the  induction  time  is  long,  nearly  2  nsec,  soot  growth  takes  place 
later.  At  1672  K  the  induction  period  is  shorter,  more  soot  is  formed  after  2  msec.  Al  1799  K  the  Induction 
time  is  further  reduced,  the  soot  yield,  however,  starts  to  grou  slower.  At  2059  K  thr*  induction  period  is 
still  shorter,  the  turning  point  is  reached  rather  early  and  the  curve  seems  to  tend  towards  a  rather  low 
soot  yield.  With  further  increase  of  temperature  this  effect  continues.  Even  in  case  the  rise  of  these  soot 
yield  curves  for  high  temperatures  continues,  it  will  take  a  very  long  time  until  a  soot  yield  as  that  for 
1672  or  1799  K  is  leached.  Towards  lower  temperatures  the  induction  periods  increase  so  that  for  tins  and 
other  reasons  the  growth  of  soot  is  slowed  down.  For  C2  hydrocarbons  the  situation  is  quite  6imilar  to  that 
for  aror.iaticu  but  "shifted"  towards  higher  temperatures. 

The  data  described  above  have  been  obtained  at  pressure.',  f rnir  0.3  » e  about  5  bar  and  the  question 
arises  whether  the  soot  formation  process  will  remain  similar  towaids  high  pi  ensures . 

As  mentioned  before,  measurements  of  the  rate  of  sout  formation  in  pyrnlysis  up  to  pressures  of  25U 
bar  have  been  performed  for  and  for  CjHj,  and  ear£on-Atom  densities  between  2 ■  101  r  and  4*10'  . 

Indicator  for  soot  (fy)  has  been  light  absorption  at  8000  A,  in  most  cases,  however,  light  emission  around 
8000  I  as  a  function  of  time.  For  most  of  the  data  to  be  presented  especially  those  of  Geek  C6J  the 
measurements  have  been  performed  in  reflected  shock  waves,  there  are.  however,  data  available  for  pressures 
up  to  about  30  bar  from  incident  waves.  (For  the  evaluation  of  the  data  the  emission  signal  I.  has  been 
plotted,  referred  to  the  signal  I.  for  fw  in  logarithmic  form  as  a  function  of  time  ( log<  I. -I  >-t )  -  The 
slope  at  these  plots  arc  taken  as  the  "rate  constants"  kr  for  soot  growth.  It  is  to  be  expected  that  fur  a 
number  of  experiments  the  radiating  medium  near  f„  in  no  longer  optically  thin,  this  mav  shift  the  obtained 
kf  values  to  a  certain  extend,  but  this  shift  should  remain  within  the  experimental  uncertainty  of  the 
experiments, ) 

The  first  order  "rate  constants"  kf-  obtained  from  measurements  following  pyrnlysis  of  AS  weil  as 

of  G0H4  show  a  typical  behaviour  as  a  function  of  temperature.  Starting  from  low  temperatures,  1600  to  1700 
K,  they  increase  towards  higher  temperatures  with  apparent  energies  of  activation  of  about  40  kcal/mol. 
Thi  is  very  similar  to  the  behaviour  of  obtained  in  flames.  Above  a  certain  temperature  (nnr  reached  in 
hswcVvT,  the  (.uivei,  blaii.  to  decrease  with  increasing  temperature  rather  steeply. 


Another  observation  is.  that  the  curves  obtained  at  different  total  densities  and  at  different  fuel 
concentrations  do  not  fall  together  in  an  Arrhenius  plot.  This  is  different  from  the  results  obtained  in 
flames  until  now,  where  fuel  structure  and  concentration  seem  to  have  little  influence  on  kf . 


A  presentation  of  measured  rate  constants  kp  for  the  pyrolysis  oi  C2Ha  in  argon  at  total  pressures  up 
to  250  bar  is  shown  in  Fig,  10.  Here  the  measured  rate  constants  are  divided  by  the  hydrocarbon  density  pj,r 
in  mol/cm^  so  that  a  second  order  rate  constant  k<HC)  ■  kf/pH(.  enr/mol  ser  results.  From  this  plot  it 
becomes  obvious  that  at  the  low  temperature  side  the  data  obtained  under  different  conditions  group  around 
a  centra!  line  with  a  Riven  slope  (k(HC)  ~  10'*  exp  -  21000/ r  cm^/rnol  sec).  Towards  higher  pressures  at 
frist  those  data  obtained  at  relatively  low  pressures  (ana  C  atom  densities!)  change  direction  and  tend 
towards  lower  values  of  k(HC).  An  apparent  turn  around  poi  *.t  lies  at  2100  K-  For  higher  pressures  this 
change  of  the  temperature  dependence  happens  at  higher  temperatures,  for  200  bar  near  2400  K,  it  is  also 


influenced  by  the  total  carbon-concentration. 
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A  better  correlation  than  th»t  one  shown  in  Fig.  10  can  be  obtained  £63  if  instead  of  the  hydro- 
carbon-density  the  total  density  p  is  used  to  correlate  the  data.  This  holds  especially  fc*r  the  low 
temperature  part.  There  an  expression  k(p)  -  k^/ p  «  10'^*^  exp  (22000/T)  tnr/mol  see  results.  One  may 
expect  that  the  correlation  can  be  further  improved  if  both  the  total  density  as  well  as  the  hydrocarbon^ 
density  is  included. 

Results  obtained  for  the  pyrolysis  of  CjH-,  in  a  similar  range  of  conditions  are  in  the  same  range  as 
that  for  with  a  slightly  lower  apparent  energy  of  activation  and  also  a  somewhat  weaker  dependence  on 
the  total  density.  The  temperature  dependence  of  the  values  measured  for  CjH^  and  C2H2  up  to  high 
pressures  is  similar  to  that  obtained  on  flames  at  lower  pressures. 

A  rather  direct  comparison  between  low  and  high  pressure  data  can  be  made  for  C^Hj-  The  kf  curves 
measured  at  low  pressure  [#3  show  a  similar  temperature  dependence  as  those  obtained  at  high  pressures.  The 
maxi o>4  of  these  low  temperature  values  as  a  function  of  temperature  seen  to  be  at  temperatures  slightly 
below  that  of  the  maxima  of  the  bell-shaped  soot  yield  curves,  but  thJ*  can  be  within  the  limit  of 
experimental  error.  It  does  therefore  not  seem  to  be  unreasonable  to  assume  that  the  total  soot  yield  at 
high  pressures  shows  a  similar  temperature  dependence  as  that  at  low  pressures.  This  should,  however,  be 
confirmed  by  independent  direct  measurements,  because  emission  measurements  as  a  function  of  temperature  do 
not  show  a  temperature  dependence,  which  shows  such  a  pronounced  concentration  effect  as  the  bell-shape 
curves  from  £7,8],  This  could  be  an  indication  that  the  total  soot  yield  is  much  less  than  that  reported  in 
£73. 


because  most  of  these  high  pressure  measurements  have  been  performed  in  reflected  shock  waves  the 
question  may  arise,  how  much  conversion  takes  place  in  the  incident  wave,  before  arrival  of  the  reflected 
wave,  in  case  of  £7^4  this  could  be  calculated  from  known  data  about  C2W4  pyrolysis  t!9J.  it  could  also  be 
approximately  be  determined  from  the  immediate  rise  of  the  emission  signal  after  the  arrival  of  the 
reflected  shock  wave  £6).  At  reflected  shock  wave  temperature  below  2  7G0  K  (about  1300  K  in  the  incident 
wnvel  the  conversion  was  only  a  few  percent  and  it  dropped  rapidly  towards  lower  temperatures.  For 
pressures  up  to  30  bar  there  was  good  agreement  for  k^  between  data  from  incident  and  reflected  wavC6.  «ess 
favourable  is  the  situation  for  the  CjH2  pyrolysis  experiments  reported  C6). 

It  should  be  mentioned  that  towards  temperatures  higher  than  those  reported  here  fur  the  high  pressure 
experiments  the  conversion  of  fuel  m  the  incident  wave  has  a  strong  influence  on  sgot  loimatjon  in  the 
reflected  wave. 

From  the  experiments  described  above  one  can  sec  that: 

1. )  The  phenomenology  of  soot  formation  in  pyrolysis  of  hydrocarbons  at  high  pressures  remains  similar  to 

that  around  atmospheric  pressure. 

2. )  The  induction  periods  for  the  onset  of  soot  formation  are  reduced  by  increasing  carbon  atom  density 

and  hy  pressure. 

3. )  The  "rate  constants”  for  soot  formation,  obtained  from  the  expression  dfy/dt  -  kf(f*-fv)  can  best  be 

represented  as  being  proportional  to  hydrocarbon  or  total  density  over  a  fairly  large  temperature 
range.  This  means  that  the  "active  lifetime”  of  soot  particles  with  respect  to  mass  growth,  which  i.t 
iuVetMiiy  proportional  to  k^,  should  in  the  range  discussed  here  be  proportional  to  the  total  or 
hydrocarbon  density  (or  some  product  of  total  and  Hydrocarbon  density).  Towards  higher  temperatures 
the  kf  values  invert  their  temperature  dependence. 

4. )  It  is  probable  that  the  soot  yield  after  a  given  time  shows  at  high  pressures  a  similar  behaviour  as 

at  normal  pressure.  Absorption  measurements  indicate  that  the  soot  yield  rises  with  total  carbon-atom 
corccntrat ion  and  very  probably  also  with  pressure  so  that  the  absolute  conversion  of  carbon  into  soot 
can  Increase  rather  6trongly  towards  high  pressures. 

INFLUENCE  (if  PRESSURE  Oh  SOOT  FORMATION  IN  PREMIXED  FLAMES 


Laboratory  experiments  on  carbon  formation  in  flames  under  steady  state  conditions  £1,2.223  have  only 
seldom  been  extended  towards  elevated  pressures.  In  bonb  experiments  it  has  not  always  been  possible  to 
specify  the  local  conditions  during  carbon  formation  because  pressure  and  temperature  change  within  time. 
In  most  of  th>'  other  experiments  performed  at  elevated  pressures  nu  detailed  information  about  the  process 
of  carbon  foraation  could  be  obtained  £1,20,23]. 

In  a  pioneering  work  McFarlanc  et  al.  121 J  studied  carbon  formation  in  pii.nAeu  iiarr.es  ot  different 
and  hydrocarbon  fui  pleasures  up  to  20  bar.  The  burner  they  used  consisted  of  a  0.3  inch  diameter 
bundle  containing  140  refractory  tubes,  each  0.00B  inch  Internal  diameter  and  a  0.2  inch  d.'amctc-r  bundle 
containing  32  refractory  tubes  each  0.006  inch  internal  diameter.  Flow  velocities  through  the  refractory 
tubes  were  600  ca/e  resp.  5000  cm/s  corresponding  to  mean  freoh  gas  flow  velocities  within  the  burner  cioss 
section  of  17  and  S00  cm/sec.  The  fir6t  mentioned  flame  is  called  u  flat  flame,  the  second  one  is 
characterized  a^  "turbulent  flame  brush”.  Because  the  fresh  gas  flow  velocity  is  higher  than  the  laminar 
flame  velocities  of  the  sooting  flames,  the  flow  for  the  flat  liases  must  also  have  expanded  and  the 
combustion  process  is  strongly  influenced  by  heat  losses  and  by  recirculation. 

These  experiments  lead  to  some  important  results: 

1. >  The  soot  formation  threshold  for  both  types  nt  flames  are  rather  similar, 

2. )  The  soot  formation  threshold  vanes  little  with  pressure.  For  the  different  flames  investigated  namely 

n-pentane,  iso-pentane.  n-hexane.  cyclo-hexane,  hexene  1.  cyclo-hexene,  me thy 1-cyclopentans  and 
benzene  in  air  it  shifts  very  slightly  towards  stoic-hit  jetric  mixture  with  increasing  pressure. 


3.) 


For  60i,. 6  fuel&  the  aoot  yield  seems  to  be  an  optimum  at  a  Riven  fuel-air  ratio  and  it  decreases 
toua/ds  leaner  and  richer  mixtures. 

4. )  The  soot  yield  obtained  in  the  flat  flame  is  reached  in  turbulent  flames  only  at  higher  pressures. 

5. )  The  soot  yield  for  a  given  mixture  increases  proportional  to  P^'-*  to  for  most  of  the  fuels 

mentioned. 

6. )  The  general  behaviour  of  benzene  and  cyclo-hexene  air  flames  differs  somewhat  from  that  for  the  other 

fuels  mentioned. 

In  addition  an  Increase  of  flame  temperature  (by  exchange  of  ^  by  Ar>  is  reported  to  rise  the  soot 
yield.  It  is  important  to  note,  that  the  analysis  of  the  soot  yield  has  been  performed  by  sampling  for  a 
given  time  and  collecting  the  soot  on  a  filter  for  further  treatment.  This  does  not  necessarily  measure  the 
soot  mass  really  formed  in  the  flame  and  Me  Far  lares  description  of  the  product  formed  points  into  that 
direction. 

As  mentioned  already  the  operation  of  flat  flames  which  can  be  used  for  detailed  kinetic  investiga¬ 
tions  at  elevated  pressures  causes  a  number  of  problems,  especially  due  to  thp  increasing  energy  density  to 
flame  front  stability,  flow  problems  and  the  presence  of  soot  etc.  This  may  be  one  of  the  reasons,  why  so 
few  experiments  have  been  done  with  one-dimensional  flames  at  elevated  pressure. 

In  this  chapter  some  experiments  shall  be  described,  performed  with  laminar  premlxcd  C2H^-air  flames 
burning  on  flat  capillary  or  porous  plate  burners  at  pressures  up  to  5  or  1C  bar.  This  pressure  is  high 
enough  to  observe  the  influence  of  yiessure  on  soot  formation  from  free  molecular  flow  to  continuum 
conditions  for  the  coagulation  of  the  particles.  On  the  other  hand  the  extension  of  the  soot  formation  zone 
Is  still  large  enough  to  allow  optical  absorption  and  scattering  measurements  for  the  det erminat inn  of  soot 
volume  fraction  fy.  particle  number  density  N  and  mean  particle  volume  v.  In  addition  the  applicability  of 
the  Rayleigh  condition  can  be  checked  by  measurements  of  the  wave-Jength  dependence  of  the  absorption  and 
of  the  depolarization  ratio.  Temperature  measurements  car.  be  performed  by  Kurlbauin  method.  As  mentioned 
above  problems  arc  caused  by  flow  problems,  the  formation  of  vortices  in  the  burned  gases  and  by  flame 
stability,  which  limit  the  range  of  conditions  for  which  measurements  can  be  performed  [23], 

INFLUENCE  OF  PRESSURE  ON  f m 

Flat  flames  at  elevated  pressure  arc  usually  not  burning  under  adiabatic  conditions,  because  the  flame 
stability  is  not  good  enough  and  the  flames  are  sensitive  to  even  small  disturbances  132.23].  Some  energy 
loss  into  a  hut  burner  improves  the  flame  front  stability  and  it  influences  the  flame  temperature.  This 
flame  temperature,  characterized  by  ite  maximum  value  TJJ)ax  proved  to  be  a  very  important  parameter  also  for 
flames  burning  at  elevated  pressure  [23). 

It  is  known  from  experiments  performed  at  normal  pressure  []).  that  for  a  given  stoichiometry  of  the 
fuel-air  mixture,  or  a  given  C/0  ratio  a  reduction  Of  the  flame  temperature  increases  the  value  of  f.  until 
at  a  certain  flame  temperature  (the  temperature  is  usually  fixed  via  the  cold  gas  flow  velocity)  a  maximum 
of  f_  is  reached  [263  (sec  Fig.  11)  With  a  further  reduction  of  the  flame  temperature  f„  starts  to 
decrease.  This  typira)  behaviour  is  related  with  clear  influence  uf  «.  e-pci  at  uie  on  O.e  threshold  ot  soot 
formation  [24,2$].  Below  a  certain  leiiirV'alijjc  Hie  (stabilized)  llames  do  not  form  snot  anymore  and  towards 
a  certain  high  temperature,  at  the  same  C/0  ratio  f„  also  tends  to  zero  [26].  At  a  certain  temperature  the 
soot  threshold  curve  exhibits  a  minimum  (minimum  C/0  ratio  for  onset  uf  visible  soot  formation).  Going  at  a 
fixed  value  of  flame  temperature  towards  higher  C/0  ratios  the  values  of  f„  Increase  strongly  (proportional 
to  the  3  to  4th  power  of  the  carbon  surplus  ( (LyO)-(C/0/thres^))  [1,2,3,273. 

For  f James  at  elevated  pressures  the  situation  remains  very  similar  [2?j.  Tin*  threshold  curves  expand 
6lightly  away  from  the  1  bar  cuive  and  the  mountain  formed  by  the  fw  values  increases  in  hight,  the 
dependence  on  the  carbon  surplus,  however,  remains  quantitatively  similar.  It  is  obvious  therefore  that  a 
change  in  temperature  away  from  the  maximum  for  the  f.  in  the  direction  of  the  steep  fall  of  the 
mountain  can  easily  cause  a  strong  variation  of  the  dependence  of  f„  op  the  total  pressure. 

A  typical  example  for  fv  profiles  obtained  for  C^H^-aii  flames  burning  at  $  bar  with  two  different 
fresh  gas  velocities  v  »  9  and  12  cm/sec  is  shown  in  Fig.  12.  One  can  easily  recognize  that  the  growth  uf 
fv  with  time  starts  very  rapidly  and  approaches  a  stationary  value  f„.  The  shape  of  the  different  curves 
for  f,  N ,  and  v  Is  very  similar  to  that  from  flames  burning  at  atmospheric  pressure.  The  profiles  in  Fig. 
12  6howt  that  can  be  quite  well  determined. 

A  plat  of  tm  measurements  fur  flames  with  C/(J  ratios  Trom  C/C  «  0.6!)  to  C/0  -  0.76  ns  a  function  of 

pressure  is  ehown  in  Fir..  13.  The  different  experimental  results  fur  a  given  c/0  ratio  can,  in  a  first 

approximation,  be  represented  by  a  pressure  dependence  uf  about  -  p2-J~3  which  is  very  close  to  the 
results  repurted  by  MrFarlane  [21].  It  should  be  mentioned,  however,  mat  the  flames  cuupared  here  burned 
at  different  temperatures  and  this  influences  the  exponent  of  P.  If  it  would  be  possible  to  burn  flames  of 

a  given  C/O  ratio  and  a  given  flow  velocity  and  temperature  the  dependence  on  P  would  be  weaker  (exponent 

for  from  2  tu  b  bar  about  1.8  to  2).  For  flsrnes  burning  near  tin-  maximum  uf  the  curves  in  Fig. 

11  the  influence  of  r  on  f«,  can  be  desetibed  by  an  exponent  which  it  between  1  and  l.$,  that  means  the 
total  soot  yieid  in  that  range  does  not  change  much  with  pressure. 

At  atmospheric  pressure  the  typical  dependence  of  im  on  flame  temperature  mentioned  e.bove  has  been 
found  not  only  for  CjH^-air  but  also  for  other  fuels  including  C2Hn  and  [26].  It  is  on  the  high 

temperature  side  in  agreement  with  earlier  results  [l]  and  also  with  measurements  from  other  authors 
[24,2$].  McFarlane  reported  a  different  tendency.  Tnit  may  either  be  due  to  the  sampling  technique  used  in 
his  experiments  or  the  temperature  of  hia  flames  is  in  the  "low  temperature"  range  described  above. 
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INFLUENCE  OF  PRgSSUFE  ON  SOOT  HASS  GROWTH 

From  the  experiments  in  shock  waves  the  "rate  constant"  which  is  a  ..leasure  for  th-s  duration  of  the 
"second"  part  of  soot  formation  appears  to  depend  on  total  density.  Some  measurements  performed  In  CjH^-air 
flames  by  evaluating  the  measured  fv  profiles  are  clven  in  Pig.  14.  The  data  are  taken  from  a  narrow  range 
of  flame  temperatures  [233.  Even  if  they  should  have  a  certain  dependence  on  pressure  1 c  is  not  as  strong 
as  that  found  in  shock  waves.  The  absolute  values  for  kj  obtained  in  these  flames,  however,  center  around 
the  figures  obtained  from  an  extrapolation  of  the  shock  tube  data  down  to  low  pressures  at  the  same 
temperature. 

This  observation  can  be  of  some  importance  for  the  description  of  the  soot  mass  growth.  The  results 
obtained  from  flames,  where  k^  was  found  to  be  only  a  function  of  temperature  support  the  assumption  that 
the  active  lifetime  of  the  growing  soot  particles  is  essentially  determined  by  the  soot  particles  themself. 
The  tempering  of  these  particles,  the  decay  of  the  active  centers  could  be  rate  determining  [28,29.1.  This 
assumption  leads  to  a  quantitative  description  of  soot  formation  In  CjH^-air  flames.  An  active  lifetime, 
which  is  proportional  to  the  total  density  should  hardly  be  determined  by  the  "solid  particles"  alone. 

COAGULATION 


An  important  step  for  soot  formation  in  combustion  processes  is  coagulation  It],  At  atmospheric 
pressure  the  Knudsen  number  k’n  «  2X/d  (with  A  being  the  mean  free  path  of  the  gas  molecules  and  d  the 
particle  diameter'  for  soot  formation  in  premixed  flames  is  usually  10  or  larger,  and  therefore  in  the  free 
molecular  flow  regime.  For  flames  burning  at  elevated  pressure  and  for  the  high  pressure  shack  tube  data 
described  the  Knudsen  numbers  can  fall  far  below  10  and  pass  into  the  continuum  range.  This  has  certain 
consequences.  The  coagulation  rates  measured  at  atmospheric  pressure  usually  exceed  the  theoretical  value 
for  ball-shaped  molecules  by  a  factor  less  than  ten  [1].  Towards  higher  pressure  the  data  obtained  in  shock 
waves  came  close  to  theory  [7]  while  the  flame  data  at  5  bar  seem  to  fall  somewhat  below  the  calculated 
values  [23].  The  reason  for  this  difference  requires  further  investigation , 

INFLUENCE  OF  PRESSURE  ON  THE  PARTICLE  NUMBER  DENSITY 

The  measurements  of  the  "final"  particle  number  densities  in  these  flames  can  be  perfunned  with  higher 
accuracy  than  In  shock  waves,  because  the  application  of  different  optical  techniques  is  much  easier  and 
the  time  available  fc»  the  measurements  much  longer. 

For  the  CjH^-air  flames  burning  at  elevated  pressures,  with  different  C/O  ratios  and  with  different 
flume  temperatures  the  "final  particle  number  density"  was  found  to  be  between  N  -  l(r  to  10  0  particles 
per  cm'  and  therefore  very  close  to  values  found  at  normal  and  reduced  pressures  [23).  A  slight  systematic 
variation  of  N  can  be  explained  by  the  change  of  the  coagulation  rate  constant  for  the  transition  from  high 
to  low  Knudsen  numbers. 

The  fact,  that  the  "final"  N  value  remains  practically  independent  of  pressure  means  that  the 

variations  of  the  soot  mass  formed  at  different  burning  conditions  result  in  variations  of  the  mean  final 
soot  particle  volume.  It  is  therefore  practically  exclusively  determined  (as  long  as  the  flames  arc 
sufficiently  hot)  by  the  coagulation  nf  the  particles. 

AS  in  sooting  flames  burning  at  atmospheric  pressure  the  soot  particles  in  flames  burning  at  higher 
pressure  art  surrounded  not  only  by  the  components  of  the  water-gas  hut  also  by  hydrocarbons  like  acety¬ 
lenes.  methane,  and  by  many  other  hydrocarbons  including  polycyclic  aromatics,  For  the  C^-au  !>  bar 
flames  presented  here,  these  hydrocarbons  contain  much  more  carbon  atoms  per  err.  than  arc  present  as  sout 
particles.  This  should,  however,  change  towards  high  pressures  with  lurther  increasing  soot  yield.  Thr 
Situation  should  become  more  similar  to  thet  in  rich  benzene  flames  t23), 

The  reported  measurements  about  soot  formation  in  laminar  flat  flames  at  pmssures  up  to  3  bar  give 
fairly  detailed  information  about  the  sequence  of  events  involved  In  soot  formation.  They  cover  a  pressure 
range  which  in  not  large,  but  the  data  up  to  ">  bar  hove  recently  been  confirmed  at  higher  pressures.  The 
experimental  results  about  flames  burning  at  elevared  pressure  shew  that 

1. )  As  in  the  pyrolysis  experiments  described  the  phenomenology  of  soot  formation  in  premixed  laminar 

flames  burning  at  elevated  pressure  remains  similar  to  that  at  1  bar. 

2. )  The  "final  particle  number  density"  is  hardly  influenced  by  pressure  as  to  be  expected  from  the 

formulas  fur  particle  coagulation  rates.  During  soot  formation  particle  coagulation  determines  the 
reduction  ot  N  with  time. 

3. )  Tlit  dependence  of  lm  on  the  C/O  ioi  fuel-air)  ratio  at  elevated  pres&uie  remains  practically  the  same 

as  that  at  atmospheric  pressure. 

4. )  Above  a  certain  temperature  oout  mass  (m  decreases  with  increasing  temperature  fur  all  C/0  ratios 

within  the  soot  threshold. 

5. )  The  Influence  of  pressure  on  depends  on  the  fuel.  For  "hoi"  CjM^-air  flamct  f„  Increases  with 

pressure  proportional  to  about  I-  '*  *  (depending  on  the  burning  conditions  for  which  the  comparison  Is 
made! ) . 

6. )  The  threshold  of  soot  formation  depends  on  temperature  and  shifts  only  slightly  towards  lower  C/U 

ratio  with  increasing  pressure. 

7. )  The  rate  constant  kj  obtained  at  elevated  pressure  shows  a  temperature  dependence  as  that  found  in 

atmonpneric  flames  and  in  shock  waves,  tip  To  5  bar  no  pressure  dependence  which  is  outside  the  limit 
of  experimental  error  could  be  measured.  (This  differs  from  the  high  pressure  values  obtained  in  shock 
waves  1 ) 
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INFLUENCE  OF  PRESSURE  ON  DIFFUSION  FLAMES 

Diffusion  flames  shall  be  mentioned  for  reason  of  completeness  but  only  briefly.  Laminar  diffusion 
flames  have  been  investigated  by  Miller  et  al.  [32 J  in  the  CH^-air  system  for  pressures  up  to  30  bar.  Based 
on  er.iisBtvity  measurements.  they  report  an  increase  of  soot  yield  with  pressure  roughly  proportional  to 
P  .  This  trend  flattened  considerably  above  30  bar.  Kadota  C 3 3 3  studied  soot  yield  of  liquid  hydrocarbon 
droplets  up  to  10  bar  and  found  a  nearly  linear  increase  of  soot  y,  '•l*  pressure. 

The  eoot  formation  in  diffusion  flames  is  a  rather  complicated  process  breause  not  only  soot  formation 
but  also  its  oxidation  plays  an  important  role.  Recent  studies  of  local  soot  concentrations,  formation 
rates,  particle  number  densities  etc.  did  show  a  rather  complicated  [34-36]  interaction  of  the  different 
2ones  in  a  diffusion  flame  and  the  strong  inllucnce  which  even  slight  heai  losses  or  additions  by  the 
burner  or  by  radiation  can  have  on  the  appearance  of  the  flame  [341.  It  is  interesting  to  note  that  even 
though  diffusion  flames  are  rather  complicated  as  far  as  soot  formation  is  concerned,  there  seems  to  be  a 
certain  lower  temperature  at  which  soot  formation  starts  [37]  and  a  temperature  below  which  snot  oxidation 
stops  [34]. 

Recently  Flower  and  Bowman  [38]  performed  detailed  studies  of  ethylene  air  diffusion  flames.  *oi 
pressures  up  to  10  bar  they  found  an  increase  of  the  soot  volume  fraction  fv  integrated  across  the  diameter 
of  the  flame  which  varied  proportional  to  pn  with  n  1.2.  Towards  10  bar  the  integral  volume  fraction 
measurements  begin  to  fall  below  this  trend  indicating  a  decreasing  dependence  of  fv  on  pressure  towards 
higher  pressures. 

Their  experiments  further  showed  that  while  the  formation  ol  soot  increases  with  pressuie,  the  soot 
oxidation  consumes  a  decreasing  fraction  of  the  soot  formed.  Therefore  the  tendency  to  emit  smoke  rises 
strongly  with  increasing  pressure.  The  pictures  shown  by  these  authors  (Fig.  IS)  demonstrate  that  very 
convincingly.  It  seems  rather  obvious  [34]  that  it  is  essentially  the  influence  of  tempera* tire  { increasing 
radiation  losses)  which,  with  increasing  soot  yield  reduces  oxidation  rate  for  soot  particles  for  higher 
pressures  closer  to  the  burner  mouth. 

The  three  topics,  the  experimental  side  of  which  is  briefly  discussed  here  do  show,  that  pressure 
exhibits  a  strong  int  i  *.ence  on  the  formation  rate  of  soot  and  on  the  volume  fraction  of  soot  finally  furmed 
within  the  process.  They  also  show,  that  the  number  of  sci- .rtific  investigations  devoted  to  that  important 
topic  is  relatively  small.  Therefore  technical  problems  connected  with  soot  r'oimation  in  combustion  at 
elevated  pressures  still  have  to  be  handled  on  a  trial  and  error  basis. 
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L fA ■  1 :  Emission  signal  from  soot  formed  in  a 
shock  wave,  T  •  2100  K;  p  -  7.9*10“* 
mol /cm3 ;  0.7  t  C2Hfe  in  Art  200  ps/em; 
200  mv/cm  £63. 
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EiG-  2;  Induction  time  x(us)  for  CjHj  pyrolyr.is 
as  a  function  of  temperature  for 
pressings  from  0.)  \n  200  bar  and  total 
0  atom  densities  of  2*1017  -  2‘ID1'.  The 
points  around  the  lowest  curve  corre¬ 
spond  to  the  experimental  conditions 
given  in  the  figure.  The  dashed  lines 
are  from  an  approximation  by  Frencklach 
C81. 
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Fig*  4:  Induction  time  T  for  C2H^  pyrolysisas  a 
function  of  temperature.  [C2H^]  is  1  X 
except  stated  otherwise  .'63. 
o  P  -  9-12  bar,  A  P  -  35  bar. 

■  P  -  95  bar.  0.5  X,  x  P  -  100  oar. 

•  P  -  100  bar,  1.2-1 .4X. 

A  P  -  145  bar.  0.5-0.7X. 
o  P  -  210  bar.  1-1. AX, 

-  incident  wave  15-30  bar,  1-1,7  X, 

♦  P  “  120  bar£5) ,  P  -  240  barL5] 
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Fig-  3?  Induction  times  t(iis)  multiplied  by 
[C2H2]  *  for  pyrolysis  measured 

in  the  infrared  as  a  function  of 
temperature  £83. 
x  £C]  -  5-101'.  p  -  5-7  bar, 

•  £C]  -  p  -  1.3-2. 7  bar 

♦  [C]  -  2«1018.  p  -  5-8  bar 


Fig.  Induction  periods  for  as  a  function 

of  temperatme  foi  different  prcssiu^ 
ranges  (2-6],  £123. 


Fig .  6 :  Induction  times  for  pyrolysis  of 
differnt  fuels.  Conditions  stated  m  the 
figure  [8] 
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Soot  yield  after  2.5  msec  for  shock  wave 
pyrolysis  of  the  fuels  shown  in  ihe 
figure  after  Graham  et  m.  [7], 


Soot  yield  after  1  ns  for 
function  of  temperature  [81. 
A  [CJ  -  p  -  2.1-3. 1 
*  [C)  -  2*1017,  p  -  2. 1-3.2 


C2«2 

bar 

bar 
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different  temperature  [(,.7.81. 


l0i  kf  y»lufs  divided  hy  the  carbon  density 
as  a  function  of  temperature  for  C-H, 
pyrolysis  in  arson.  The  experimental 
conditions  are  given  in  the  figure  [63. 


f-‘t •  IU  Soot  volume  fraction  f.  ter  hydrocar¬ 
bon-air  flames  (schematic)  plotted  as  a 
function  of  C/a  ratio  sod  of  tempera- 
ture.  The  curve  in  the  c/O-T  plane 
represents  the  thre.-hold  for  soot 
formation.  Lines  parallel  to  the  f.-T 
plane  give  for  a  given  C/0  ratio  the  f 
values.  The  dashed  lines  represent  the 
dependence  of  tm  on  C/O. 
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F-8'  12;  Profiles  of  fv  as  a  function  of  time  in 
CjH^-air  flames  for  different  C/0  ratios 
at  a  pressure  of  S  bar  [23). 
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Ui.  Sn°t  volume  t  act  ion  i.t  Ioi  C.)H  _al, 
f  lamps  as  a  tunc  turn  of  picture  ?o? 
flov  velocities  of  4  ami  12  cm/s  to.  C/0 
»  At los: 

O-  O.bi.  A  =  0.6$  o  .  o.7 

•  -  0.73.  O  *  0.7b  u>n 


p  t  bor ) 


L'Ai_L!J.  K,  as  ■>  tune t lun  of  yrossuie  fur 
l2Ha~ai>  (lai.es  as  ri  function  of 
yiessuie  (symbols  as  in  Kit.  13)  123). 
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t’hotoniaphs  of  axisymmcti  lc  C^H.-an 
Hamer..  Trrssures  and  flow  rate  .ire 
fivi-n  in  the  figure.  DnRhi  luminosity 
Iiom  soot  is  visible  for  each  tlanc.  The 
reduction  of  lensth  with  increasing 
hisht  demonstrates  the  eailier  unset  „f 
bout  emission  [3yj. 
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SUMMARY 

The  purpose  of  this  paper  is  to  present  an  overview  of  the  work  performed  at  G£ 
Aircraft  Engines  under  an  ongoing  program  to  develop  and  improve  the  sophisticated 
analytical  models  for  the  design  and  analysis  of  aircraft  turbine  engine  combustors. 

This  effort  has  focused  on  the  full  three  dimensional  (3D)  elliptic  combustor  internal 
flow  model.  This  paper  ’rill  begin  with  an  introduction  and  review  of  the  objectives  of 
the  program.  This  will  be  followed  by  a  discussion  of  the  Progress  made  in  the  past 
five  years  starting  with  the  initial  application  and  assessment  of  "first  generation"  3D 
combustor  models  based  on  cartesian  grids,  progressing  to  the  development  and  recent 
application  of  an  improved  "second  generation"  3D  combustor  model  based  on  a  body  fitted 
generalized  curvilinear  grid.  Finally,  a  brief  review  of  planned  future  modeling 
activities  to  ba  conducted  under  this  program  will  be  discussed. 


1 .  INTRODUCTION 

One  of  the  significant  ways  in  which  the  performance  level  of  aircraft  turbine 
engines  has  been  improved  is  by  the  use  of  higher  pressure  ratio  compressors,  and  higher 
turbine  inlet  temperatures.  These  approaches  have  achieved  engine  performance 
benefits.  They  have  also  resulted  in  an  increasingly  hostile  aerothermal  environment 
for  the  engine  combustor  and  turbine  components.  The  escalating  cost  of  experimental 
component  development  testing  approaches  directed  towards  improving  hot  section 
durability  and  aerothermal  performance  has  necessitated  the  development  of  sophisticated 
combustor  design  and  analysis  methods.  Early  combustor  modeling  activities  at  GL 
focused  on  the  development  of  one  dimensional  models,  (Reference  3),  capable  of 
providing  picdictions  of  overall  combustor  total  pressure  loss,  bulk  flowfield 
quantities  stationwise  through  the  burner,  and  the  mass  flow  level  of  the  various  mass 
injection  features  of  the  combustor  design.  An  example  of  this  type  of  analysis 
provided  by  the  COBRA  program  derived  from  Reference  1,  is  shown  for  the  GE/SNECMA  CFM56 
combustor  in  Figure  i.  in  general ,  the  sophistication  incorporated  in  this  one 
dimensional  node!  provides  accurate  predictions  of  the  overall  total  pressure  loss,  and 
the  injected  mass  flow  distribution .  However,  such  a  model  provides  little  or  no 
predictive  information  concerning  the  combustor  heat  transfer  characteristics,  the 
combustor  exit  gas  temperature  patterns,  or  any  performance  characteristic  dependent  in 
the  three  dimensional  nature  of  the  combustor  geometry.  As  such,  a  need  existed  for  the 
capability  to  perform  fully  3D  analysis  of  the  turbulent  reacting  internal  flowfield  of 
the  combustor.  The  problem  of  developing  suitable  analysis  approaches  was  nontrivial. 
The  combustor  flow  problem  is  extremely  complex  involving  aspects  of  complicated 
geometries  coupled  with  complex  flow  phenomena- 

For  many  years  the  lack  of  computer  capabilities  prohibited  the  development  of 
fully  3D  combustor  aerothermal  models.  Rapid  advances  in  computer  technology  within  the 
past  ten  years  have  overcome  previous  limitations  permitting  the  extension  of 
aerothermal  models  to  fully  3D  elliptic  form  suitable  for  detailed  analytical  simulation 
of  the  internal  flowfield  of  conventional  combustor  design*?.  One  of  the  first 
comprehensive  combustor  model  packages  was  developed  by  the  Garrett  Turbine  Company 
under  contract  to  the  United  States  Army,  (Reference  2).  In  this  work  many  individual 
analysis  procedures  were  developed  and  assembled  into  a  con.plete  computerized  combustor 
analysis  package.  Included  in  this  package  was  a  fully  3D  elliptic  combustor  internal 
flow  model  based  on  a  cartesian  grid  system,  a  so  called  "first  generation"  combustor 
internal  flow  model.  The  availability  of  this  model  led  to  the  initiation  of  a  program 
«t  GE  to  examine  the  usefulness  of  such  a  model  as  applied  to  real  combustcr  flow 
problems,  and  to  identify  model  deficiencies  and  the  needed  improvements  to  provide  a 
"second  generation"  improved  combustor  inte.rnal  flow  model. 

The  anticipated  benefits  of  this  program  are  improved  combustor  designs  with 
better  performance,  greater  durability,  developed  in  less  time  and  at  reduced  cost.  The 
development  and  application  of  such  models  will  provide  much  improved  engineering 
understanding  of  the  complex  flow  features  of  tho  gas  turbine  engine  combustor. 


2.  PROGRAM  OBJECTIVES  AND  APPROACH 

The  overall  objectives  of  the  GE  combustor  modeling  program  arc  to  develop 
improved  combustor  design  and  analysis  tools  to  assist  engineers  in  achieving  improved 
combustor  designs  at  reduced  development  cost.  The  focus  of  the  combustor  modeling 
program  has  been  the  development  of  the  combustor  internal  flow  model.  The  near  term 
goals  have  been  to  develop  modeling  capability  to  provide  reasonably  accurate 
predictions  of  combustor  exit  gas  temperature  patterns,  and  liner  hot  side  heat  transfer 
characteristics .  These  areas  of  combustor  performance  are  where  combustor  modeling  has 
the  best  near  term  potential  to  assist  engineers  in  tha  development  of  improved 


combustors.  The  development  of  modeling  capability  to  provide  useful  predictions  of 
other  performance  charactarist ics  such  as  efficiency,  gaseous  and  particulate  emissions, 
as  well  as  flame  lightoff  and  extinction  have  been  pursued  in  the  past  with  less 
emphasis.  However,  the  move  towards  high  temperature  rise  and,  ultimately, 
stoichiometric  combustors  has  demonstrated  the  need  to  pursife  the  development  of  the 
physical  modeling  capabilities  to  address  these  performance  concerns. 

The  approach  used  in  this  program  h<,s  been  to  assess  the  combustor  internal  flow 
models  against  actual  and  combustor  like  flow  problems,  and,  where  possible,  more 
definitive  experiments  of  benchmark  quality.  The  key  items  of  concern  are  accuracy  and 
suitability  of  the  methodology  employed,  useability,  and  computational  efficiency  as 
related  to  the  cost  of  the  solution.  Dased  on  the  assessment  studies,  the  strong  points 
of  the  model  are  noted,  and  the  deficiencies  identified.  The  next  step  is  to  identify 
and  develop  the  needed  modeling  improvements.  The  developed  improvements  are  then 
incorporated  into  the  model  yielding  an  "improved"  combustor  internal  flow  model.  The 
improved  model  undergoes  additional  assessment  and  refinement  in  r>  continuous  cyclic 
fashion.  After  each  cycle,  the  improved  model  becomes  available  for  application,  by 
engineering,  to  real  combustor  flow  problems.  This  approach  hastens  the  introduction  of 
improved  modeling  capability  into  the  design  and  development  of  combustors  while  further 
model  improvement,  is  taking  place. 


3.  ASSESSMENT  OF  FIRST  GENERATION  MODELING  CAPABILITY 

The  assessment  of  the  accuracy  and  sources  of  error  in  the  methodology  of  existing 
first  generation  combustor  internal  flow  models  was  an  important  first  sLop  in 
justifying  the  extent  of  use  of  the  models,  and  identifying  the  needed  improvements. 

This  effort  was  conducted  in  part  under  an  in-house  Research  and  Development  program, 
and  in  part  under  the  NASA  Aerothermal  Modeling  Phase  I  program.  Reference  3.  The 
assessments  were  conducted  using  2D  parabolic  and  elliptic,  as  well  as  fully  3D  elliptic 
model  calculations  of  definitive  test  data  from  the  available  literature,  and  data 
generated  as  part  of  the  NASA  program  effort.  The  assessments  performed  with  the  2P 
models  provided  a  methodical  examination  of  the  numerical  techniques  and  the  physics, 
while  work  with  the  3D  models  focused  on  the  overall  useability  and  performance  as  a 
design  analysis  tool. 


3D  MODEL  ASSESSMENT 

Evaluations  oi  the  available  3D  modeling  capability  began  with  the  assessment  of 
the  model  prepared  by  the  Garrett  Turbine  Engine  Company,  Reference  2,  and  a  very 
similar  model  prepared  by  the  Northern  Research  and  Engineering  Company,  Reference  4. 

The  major  differences  between  the  two  models  involves  the  numerical  finite  differencing 
scheme  employed.  First  order  accurate  upwind  differencing  is  used  in  the  Northern 
Research  model;  the  "hybrid"  differencing  scheme  in  the  Garrett  model.  In  the  hybrid 
scheme,  second  order  accurate  central  differencing  is  used  where  the  computational  cell 
Peclet  number  (UAx/v)  has  a  value  of  2  o,  less.  For  cells  where  the  Feclet  numbers 
exceed  2.  the  hybrid  scheme  reverts  to  first  order  accurate  upwind  differencing  to 
maintain  numerical  stability.  As  such  numerical  diffusion  has  been  introduced  into  the 
solution,  potentially  effecting  the  accuracy.  To  support  the  application  of  these 
models,  plotting  routines  to  display  the  calculated  results,  and  improved  model  input 
flexibility  were  developed.  This  entire  modeling  package  was  then  referred  to  as  the  3D 
INTfLOW  combustor  internal  flow  model. 

The  flow  problems  selected  to  use  in  the  3D  model  assessment  study  were  comprised 
of  simplified  combustor  like  flows  for  which  son,-*?  definitive  experimental  data  existed. 
For  model  inn  r.  i  mp 1  e  round  jet  f  Icv/c  in  a  cress  flew  with  uriif^rni  inlet  ptofiie 
characteristics,  two  sets  of  experimental  data  from  the  work  by  Walker  and  Hors 
(Reference  5}  were  selected  foi  examination.  In  addition,  experimental  test,  data, 
obtained  as  part  of  the  NASA  modeling  program,  for  combustur  like  flows  of  progressively 
increasing  flow  complexity  were  used.  The  selection  of  these  slmpl '  Led  nonreacting 
flow  problems  permitted  assessing  the  capability  of  the  existing  3D  , nod.? Is  to  accurately 
predict  dilution  jet  penetration  and  mixing  without  the  added  complication  of  fuel 
injection  and  heat  release. 

The  two  experiments  selected  from  the  Walker  and  Kors  data  represented  jot  to 
crossflow  momentum  ratios  of  6.3  and  26. H.  The  experimental  techniques  employed  mapping 
out  the  penetration  and  mixing  of  room  temperature  jets  into  a  heated  uncarbureted 
crossflow.  The  experimental  data  consisted  of  detailed  thermocouple  measuremmits  at 
prescribed  planes  downstream  of  the  jet  injection  point.  In  the  modeling  calculations 
of  the  Walker  and  Kors  data  three  similar  grids  of  10395,  21DOO,  and  43600  grid  mesh 
points  were  used  to  investigate  the  influence  of  mesh  grid  point  density  on  the 
calculated  results.  The  finest  mesh,  shown  in  Figure  2,  required  computer  memory 
approaching  the  capacity  of  the  computer  system  available  at  the  time.  Besides  the  mesh 
characteristics,  these  modeling  calculations  also  investigated  the  sensitivity  from 
varying  the  inlet  and  jet  boundary  conditions  for  turbulence  kinetic  energy  and  length 
scale,  and  the  prescribed  turbulent  Schmidt,  number. 
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From  the  results  of  the  modeling  calculations  ox  tho  Walker  and  KorG  data  the  two 
available  3D  models  were  shown  to  predict  almost,  identical  jet  penetration  end  mixing 
characteristics  although  considerably  lower  turbulence  levels  were  calculated  by  the 
Northern  Research  model.  This  result  provided  support  to  the  claim  that  the  presence  of 
numerical  diffusion  i '  the  solution  arising  from  the  use  of  first  order  accurate  upwind 
numerics  can  dominat<  jver  the  mixing  generated  by  tho  turbulence  model.  As  such,  it 
was  decided  not  to  make  further  use  of  the  Northern  Research  model.  Excellent  agreement 
between  the  model  calculation  and  the  experimental  test  data  was  demonstrated  by  use  of 
the  "optimum"  choice  of  the  model  inlet  and  jet  turbulence  boundary  conditions,  Figure 
3.  Because  the  Walker  and  Kors  data  did  not  contain  information  concerning  inlet  and 
jet  turbulence  characteristics,,  it  was  not  possible  to  conclude  that  the  levels  which 
produced  the  best  modeling  results  were  fundamentally  correct.  The  investigation  of  the 
mesh  grid  density  showed  that  comparably  good  agresment  for  jet  penetration  and  mixing 
could  be  achieved  for  all  three  grids  if  the  solutions  were  allowed  to  be  sufficiently 
converged.  As  the  mesh  density  increased,  the  model  calculations  produced  jet  shapes, 
as  defined  by  the  temperature  contours,  which  more  closely  approximated  the  test  data. 
However,  it  was  apparent  that  considerable  further  mesn  refinement  would  be  necessary  t.o 
achieve  a  "matched"  result.  The  need  Cor  very  fine  meshes,  provided  the  computer 
capability  existed,  illustrated  another  problem  with  the  model.  The  computer  processor 
time  per  iteration  was  shown  to  generally  increase  proportional  to  N,  where  N  i j  the 
number  of  mesh  grid  points.  It  was  also  observed  that,  the  number  of  iteration  steps 
required  to  achieve  convergence  increased  proportional  to  N1'  .  As  such  the  total 
computer  time  increases  proportional  to  N3'  ,  making  fine  grid  solutions  cost 
pi ohibitive. 

Additional  assessments  of  the  3D  INTFLOW  model  were  performed  by  modeling  selected 
experiments  from  the  work  performed  as  port  of  the  NASA/GE  Aerothermal  Modeling 
Program.  The  nonreacting  experiments  represented  various  dilution  patterns  penetrating 
into  a  cylindrical  duct  flow.  These  experiments  employed  the  use  of  the  two  temperature 
trace  technique.  The  penetration  and  mixing  of  the  jets  war  documented  using  detailed 
thermocouple  measurements.  For  these  model inq  calculations  a  coarse  grid  mesh  of  13365 
grid  points  was  used,  Figure  4.  This  mesh  provided  sufficient  detail  to  model  the 
dilution  pattern  while  not  requiring  excessive  computational  time.  Tho  same  turbulence 
inputs  that  had  produced  satisfactory  results  in  the  calculations  of  the  Walker  and  Kors 
experiments  were  used  ' n  these  calculations.  A  selection  of  the  results  from  this 
modeling  exercise  ie  sl.^wn  in  Figure  5.  in  general,  the  calculated  results  demonstrated 
qualitative  agreement  with  the  test  data.  However,  there  was  evidence  of  over 
prediction  of  the  jot  penetration  and  slower  predicted  mixing. 

Another  of  the  experiments  from  this  tost  series  involved  a  GE/SNEOMA  CFM56  five 
cup  (90°)  sector  combustor  operating  with  gaseous  fuel.  All  dome  and  liner  cooling 
flows  closed  off  to  reduce  the  degree  of  difficulty  cf  model ing  a  combustor  reacting 
flow  problem.  A  cross  section  view  of  this  combustor  is  shown  in  Figure  6,  illustrating 
the  complex  geometry  of  the  boundary  walls.  Experimental  test  data  involved  detailed 
thermocouple  measurement  at  the  exit  of  the  combustor.  A  considerably  more  detailed 
grid  mesh  containing  approximately  37000  grid  points  was  used  to  perform  the  3D  modeling 
calculations,  Figure  7.  Because  of  the  lack  of  special  boundary  treatment  within  the 
model  to  address  liner  wall  contours,  the  modeling  simulation  featured  cylindrical 
geometry.  The  inlet  swirler  velocity  characteristics  were  generated  using  data  from 
5-hole  yaw  probe  measurement r.  obtained  from  CFrit't>  combustor  swirl  cup  hardware,  and 
Manually  added  to  the  model  input  file.  The  calculated  results  from  this  exei  ise  are 
shown  in  the  form  of  the  velocity  field  in  a  side  view  plane  midway  between  sv.  rl  cup 
centers,  Figure  8,  and  as  a  comparison  with  measured  exit  gas  temperature  dat.; 
normalized  using  the  pattern  factor  parameter,  Figure  9.  The  pattern  factor  i  rameter 
is  defined  as  follows: 
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where  Tr/^-at  is  the  local  gas  temperature,  TA,-G  is  the  average  gas  temperature  at 
the  combustor  exit,  and  Ti  is  the  compressor  discharge  temperature.  As  observed 
this  comparison,  the  model  did  reasonably  predict  the  relative  locations  of  the  hot 
spots  in  the  exit  gas  temperature  field,  indicated  by  the  higher  levels  of  the  pattern 
factot  parameter.  However,  once  again,  the  mixing  appears  to  bn  under  predicted  as 
evidenced  by  the  higher  levels  of  calculated  pattern  factor  as  compared  to  the  measured 
test  data.  The  quality  vf  this  result  is  perhaps  fortuitous  considering  the  reliability 
in  the  accuracy  in  the  measured  swirler  velocities  using  an  intrusive  instrument,  and 
the  gross  sirupiif  icacion  of  representing  the  complex  flowpath  contours  with  cylindrical 
geometries.  Calculated  velocity  magnitudes  suffer  inaccuracies  due  to  the 
misrepresentation  of  the  flowpath  areas.  There  was  also  the  issue  of  the  numerical 
accuracy  in  this  calculation,  specifically  concerning  the  introduction  of  numerical 
diffusion.  As  shown  in  Figure  10,  with  the  grid  mesh  selected,  very  little  of  the 
computational  domain  had  Peclet  number  levels  below  2.  As  previously  mentioned,  the 
hybrid  scheme  reverts  to  first  upwmding  under  these  conditions.  Hence  the  bulk  of  the 
domain  was  solved  using  first  order  accurate  upwind  differencing  result! ig  in  the 
introduction  of  numerical  diffusion  proportional  in  magnitude  to  the  ratio  of  the  local 
Peclet  number  to  a  Peclet  number  of  2.  The  evidence  of  considerable  numerical  erroi.  is 
obvious,  demonstrating  that  within  the  grid  limitations  of  the  existing  computer 
capacity,  there  was  a  need  for  improved  numerics. 

As  an  extension  oi  this  exercise,  tho  modeling  capability  of  the  3D  INTFLOW  model 
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w$s  extended  to  permit  simulation  of  contoured  flovpath  boundaries  typical  of 
conventional  combustor  designs.  This  w^g  accomplished  by  the  introduction  of  the  go 
called  "stairstep"  boundary  treatment  into  the  model.  This  approach  was  selected 
because  it  was  easy  to  implement  within  the  cartesian  framework  of  the  3D  INTFLOW 
model.  One  further  modeling  improvement  involved  automating  the  generation  of  the  inlet 
swirler  velocity  boundary  conditions  thus  eliminating  the  tedious  task  of  generating  the 
model  input  manually.  This  improved  3D  INTFLOW  model  was  then  applied  to  the  same  CFM56 
combustor  flow  problem  previously  modeled  using  cylindrical  geometry.  The  purpose  of 
this  exercise  (Reference  6)  was  to  assess  the  suitability  of  the  stairstep  boundary 
technique  in  representing  complex  combustor  geometries.  To  model  the  CFM56  combustor 
design,  stairstep  boundaries  were  introduced  along  the  outer  and  inner  liner  flowpaths, 
as  well  as  the  dome  inlet  in  a  way  which  closely  simulates  the  actual  combustor  flowpath 
contours.  A  Ride  view  of  the  grid  mesh  used,  and  the  stairstep  boundaries  representing 
the  combustor  geometry  is  presented  in  Figure  11.  This  particular  mesh  contained  41352 
mesh  grid  points.  However,  it  is  obvious  from  observing  this  figure  that  many  of  the 
mesh  grid  points  actually  lie  outside  of  the  stairstep  boundaries,  and  hence,  the 
computational  domain.  This  is  one  of  the  immediate  disadvantages  of  the  stairstep 
boundary  technique.  The  calculated  velocity  fields  obtained  with  this  model,  in  two 
different  side  views,  are  presented  in  Figure  12.  A  comparison  between  the  calculated 
exit  gas  temperature  pattern  and  the  available  measured  test  data  is  presented  in  Figure 
13.  Again  the  resultB  are  displayed  as  contours  of  the  pattern  factor  parameter.  It  is 
observed  from  this  figure  that  the  magnitude  of  the  hot  spots  and  their  locations 
circumstantially  were  accurately  predicted  by  the  model.  In  this  sense,  the  result  was 
somewhat  improved  over  the  result  obtained  in  the  previous  modeling  calculation 
employing  cylindrical  wall  boundaries.  However,  considerable  discrepancy  is  observed  in 
the  radial  location  of  the  hot  spots.  rhe  test  data  suggests  they  arc  centrally  located 
within  the  annulus  boundaries,  while  the  model  predicted  them  along  the  inner  boundary. 

As  a  result  of  this  assessment  exercise,  several  observations  concerning  the  use 
of  stairstep  boundary  treatment  were  made.  The  need  for  treating  wall  contours  was 
perhaps  a  foregone  conclusion,  and  the  results  of  this  exercise  serve  to  support  this. 
However,  the  use  of  the  stairstep  boundary  technique  involves  significant  limitations 
and/or  difficulties.  A  feature  of  using  stairstep  boundaries  of  particular  concern  i6 
observed  in  the  flow  along  the  boundary  walls.  A  cascading  effect  has  been  introduced 
into  the  solution  of  the  flow  along  the  walls.  This  has  resulted  from  the  use  of  flats 
(horizontal  or  vertical  sections  of  the  stairstep  boundary  of  more  than  a  single  grid 
cell  spacing  in  length),  in  the  construction  of  the  stairstep  boundary.  A  related 
difficulty  involves  the  awkwardness  in  obtaining  grid  detail  along  the  boundary  walls. 
This  particular  experimental  test  configuration  modeled  did  not  feature  liner  wall 
cooling  slots.  However,  conventional  combustor  configuration  feature  numerous  liner 
waxl  film  cooling  slots  which  could  not  easily  or  accurately  be  represented  on  a 
stairstep  boundary.  Any  attempt  to  provide  this  detail  would  result  in  randomly 
distributed  grid  concentration,  and  excesrive  requirements  for  computer  storage. 

Another  limitation  of  the  stairstep  approach  was  briefly  touched  on  before.  The 
stairstep  technique  inherently  involves  considerable  amounts  of  "wasted"  mesh  grid 
points.  These  are  the  grid  points  which  are  present  within  the  cartesian  structure  of 
the  mesh,  but  which  lie  outside  the  boundaries  of  the  problem.  The  wasted  grid  points 
have  no  adverse  impact  on  the  computational  time  for  the  solution,  they  nonetheless 
require  computer  storage.  The  magnitude  of  this  problem  oar.  be  severe.  In  the  CFhSb 
example,  only  about  half  of  the  total  mesh  grid  points  actually  lio  within  the  problem 
boundaries.  As  such,  the  stairstep  boundary  approach  does  rot  provide  for  the  optimum 
use  of  grid  or  the  available  computer  storage. 

ASSESSMENT  OF  NUMERICAL  AND  PHYSICAL  METHODOLOGY 

The  combustor  aerothermal  model  can  be  simplietical ly  regarded  as  a  set  of 
simultaneous  partial  differential  and  algebraic  equations,  a  discretization  procedure, 
and  a  solution  algorithm.  Physical  modeling  is  contained  in  the  original  equations, 
numerical  accuracy  in  the  discretization  procedure  and  solution  algorithm,  and 
computation  efficiency  primarily  in  the  solution  algorithm.  It  is  computationally 
prohibitive  and  actually  unnecessary  to  study  these  modeling  issues  in  fully  three 
dimensional  flows.  Thus  a  series  of  one  and  two  dimensional  studies  were  conducted 
ranging  from  the  analysis  of  liner  uniform  coefficient  convection  diffusion  equations  to 
a  turbulent  recirculation  combusting  flow.  These  studies,  conducted  as  part  of  the 
NASA/GE  Aerothermal  Modeling  Program,  each  focused  on  different,  aspects  of  the  overall 
numerical  and  physical  submodel  issues  to  assess  their  role  in  the  accuracy  of  the 
solution.  Assessments  performed  in  two  dimensions  made  use  of  th«  teach  code,  developed 
initial iy  at  tho  Imperial  College,  and  the  GET-REF  (GE  Turbulent  Reacting  Flow)  cade 
developed  at  GE. 

The  first  issue  studied  was  the  accuracy  of  the  finite  difference  representations 
of  the  convection  term.  Several  schemes  for  approximating  this  first  order  spatial 
derivative  in  convection  dominated  flow  were  investigated.  The  relative  accuracy  and 
computational  efficiency  (convergence  speed)  among  the  first  order  accurate  upwind 
scheme,  second  order  accurate  central  differencing  scheme,  second  order  accurate  upwind 
difference  scheme,  and  the  QUICK  (Quadratic  Upstream  Interpolation  for  Convective 
Kinematics)  scheme,  were  compared  against  several  idealized  one  or  t  ’o  dimensional  model 
problems,  e.g.,  uniform,  constant  diffusivit.y  flow  with  a  prescribed  source  term. 

It  was  Ghovn  that  in  a  finite  difference  simulation  with  large  cell  Peclot  number, 
the  high  wave  number  Fourier  components  of  the  real  solutions  cannot  be  evaluated 
accurately.  As  a  resu1t  of  this,  in  a  convection  dominated  flow,  if  the  viscous  terms 
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are  required  to  balance  the  convection  terms  in  a  thin  layer  close  to  the  downstream 

boundary  due  to,  for  example,  the  imposition  of  a  Dirichlet  type  boundary  condition,  a 

finite  difference  approximation  can,  at  best  use  the  truncation  errors  of  the 
approximations  to  help  damp  out  the  disturbances  in  that  thin  layer.  The  detailed 
structure  of  the  real  solution  is  unresolved.  Even  this  may  or  may  not  be  accomplished 
by  a  given  scheme,  and  hence  for  a  high  cell  Peclet  number  flow  the  formal  order  of 
accuracy,  by  itself,  ie  a  poor  criterion  by  which  to  judge  the  performances  of  different 
schemes.  For  example,  Figure  14  compares  the  typical  solution  profiles  along  the  y 
direction  given  by  the  five  schemes  for  a  2D  convection  diffusion  equation  with  constant 
values  of  u,  v,  and  Pe  (Pe  »  40,  u/v  *  2).  For  Figure  14,  the  downstream  boundary 
conditions  are  taken  to  be  the  same  as  the  upstream  boundary  conditions.  Figure  15 
shows  the  solution  profiles  given  by  the  five  schemes  for  the  same  flow  problem,  but 
with  zero  as  the  downstream  boundary  condition;  a  thin  boundary  layer  normal  to  the  flow 

direction  is  formed  close  to  the  downstream  boundary.  Among  the  fivo  schemes  tested  in 

this  study;  tho  second  order  upwind  scheme  gives  the  most  satisfactory  results  in 
general;  this  scheme,  however  still  exhibits  some  overshoots  in  the  solution.  On  the 
other  hand,  although  both  second  order  central  differencing  and  QUICK  are  formally  of 
the  same  order  of  accuracy  as  the  second  order  upwind  scheme,  they  fail  to  enhance  the 
viscous  terms  properly  where  needed  for  a  high  cell  Peclet  number  flow  problem. 
Noticeable  spurious  oscillations  appear  in  the  numerical  solutions.  Furthermore,  if  no 
boundary  layer  type  region  exists  in  the  real  solution,  the  accuracy  of  the 
approximating  solutions  given  by  QUICK  and  that  by  the  second  order  upwind  are 
comparable.  The  first  order  upwind  scheme  is  free  from  unphysical  over  and  undershoots 
in  the  solutions  for  all  test  problems  considered,  but  fails  to  give  accurate 
approximations  in  the  presence  of  a  source  term  and  shows  too  much  numerical  diffusion 
in  the  convection  dominated  region  for  multidiment tonal  flow.  The  skew  upwind  scheme  is 
able  to  substantially  reduce  numerical  diffusion  by  the  first  order  in  the  cross  stream 
direction  but  is  found  to  be  less  satisfactory  than  the  second  order  upwind  scheme.  The 
skew  upwind  scheme  also  fails  to  give  accurate  solutions  in  the  presence  of  source 
terms . 


The  physical  models  for  turbulence  and  turbulence  chemistry  interaction  phenomena 
wer*s  studied  by  comparison  of  predictions  with  four  benchmark  quality  axisynunetric 
experiments.  These  experiments  were;  a  turbulent  nonpremixed  jet  flame  (Reference  7); 
an  annular  isothermal  dilution  jet/chamber  flow  (Reference  8) ;  an  Isothermal  pipe  flow 
(Reference  9);  and  a  nonpremixed,  bluff  body  stabilized  flame  (Reference  10).  The 
turbulent  jet  flame  is  a  shear  flow  and  so  a  parabolic  version  of  tho  model  was  used. 

An  elliptic  model  was  used  for  the  three  recirculating  flov  simulations. 

The  first  simulation  establishes  the  need  to  account  for  random  compositional  and 
temperature  fluctuations.  In  a  shear  How  such  's  this  jet  flame,  the  parabolic  nature 
of  the  governing  equations  permits  the  use  of  sufficient  grid  points  to  make  the  issue 
of  discretization  accuracy  irrelevant.  Thus  a  more  direct  assessment  of  the  turbulence, 
and  particularly,  the  turbulence  chemistry  interaction  model  is  possible.  In  addition, 
the  jet  flame  experiment  provided  both  laser  velocimeter  and  spontaneous  Raman 
scattering  data  so  that  the  mean,  variance,  and  indeed,  the  pdf  (probability  density 
function)  of  major  species  concentrations,  temperature,  and  axial  velocity  were 
available.  Comparisons  of  these  quantities,  many  of  which  are  shown  ir.  Figures  16 
through  20  indicate  the  accuracy  of  the  single  scalar  pdf/ equilibrium  chemistry  submodel 
in  accounting  for  the  highly  nonlinear  "unsixediieco"  turbulence  cnemistry  interaction. 

It  should  be  noted  that  so  called  adequacy  ot  simpler  models  such  as  the  eddy  breakup 
scheme  is  often  inferred  from  far  more  complicated  experiments,  e.g.,  recirculating 
flows  with  less  precise  instrumentation;  under  these  circumstances  the  turbulence 
chemistry  interaction  cannot  be  isolated  and  compensating  errors  frequently  occur. 
Finally  it  should  be  noted  that  the  single  scalar  pdf  can  be  extended  to  multi  scalar  pdf 
descriptions  of  nonequilibrium  flows  without  added  empiricism.  ^ 

The  three  recirculating  flows  are  progressively  more  complex  in  that  more 
phenomena  occur  simultaneously.  Solutions  essentially  free  from  "numerical  diffusion" 
were  obtained  by  increasing  grid  density  until  central  differencing  of  the  convection 
term  was  possible.  The  isothermal  dilution  jet/chambcr  flow  provides  data  for  a  gas 
turbine  combustion  chamber  like  flow  which  retains  axisymmetric  geometry.  Comparisons 
(Figures  21  and  22)  indicate  that  the  flow  is  dominated  by  tho  mean  pressure  gradient 
rather  than  by  tne  turbulence.  This  is  evident  from  the  poor  agreement  in  the 
turbulence  kinetic  energy  profiles  and,  despite  this,  the  good  agreement  in  the  mean 
axial  velocity.  However,  in  a  reacting  flow  the  turbulence  is  important  in  that  besides 
controlling  dif fusivity,  it  interacts  nonlinearly  with  the  chemistry  to  produce  a  moan 
density  field  which  enters  all  the  equations. 

The  co-  and  counterswirled  isothermal  pipe  flow  features  strong  streamline 
curvature  and  consequently,  anisotropic  turbulence.  This  cannot  be  represented  by  the 
isotropic  eddy  viscosity  two  equation  models  which  are  widely  used,  e.g.,  k-e  model.  On 
the  other  hand  the  full  Reynolds  stress  equations,  which  could  account  for  anisotropy, 
involve  eomiempirical  closure  for  higher  correlations,  ignore  very  important  issues  in 
the  dissipation  rate  equation,  and  are  computationally  very  much  more  expensive.  Hence, 
an  algebraic  simplification  of  the  Reynolds  stresB  equations,  in  two  dimensions,  which 
finally  retains  the  two  equation  form  with  a  very  complex  eddy  viscosity,  rather  than  a 
constant,  was  derived.  This  mode]  is  more  universal  than,  for  example,  Richardson 
Number  corrections;  it  has  been  used  successfully  in  several  recirculating  flow*. 

Figure  23  shows  centerline  axial  velocity  profiles  in  this  flow  with  the  standard  k-i 
and  the  new  model;  the  appearance  of  a  recirculation  zone  in  the  latter  case  confirms 
its  accuracy. 
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The  last  flow  simulated  was  an  ax i symmetric  recirculating  nonpremixed  flame. 
Combustion,  i.e.,  the  turbulence  chemistry  interaction,  was  represented  by  the  single 
scalar  pdf  described  earlier.  Again,  truncation  error  analysis  and  grid  densification 
were  used  to  produce  solutions  essentially  free  from  numerical  diffusion  error  as 
observed  in  Figure  24.  The  centerline  mean  axial  velocity  profile  shows  reasonable 
agreement  with  the  data.  The  measured  turbulence  kinetic  energy  profile  shows  a  marked 
peak  at  the  first  stagnation  point,  which  is  not  predicted.  Mean  and  variance  of 
species  concentrations  were  not  measured  and  so  those  predictions  could  not  be 
evaluated.  Agreement  of  mean  temperature  (Figure  25)  is  reasonable  but  it  should  be 
noted  that  in  the  model  temperature  ie  not  a  primitive  variable,  that  thermocouple  data 
is  notoriously  difficult  to  interpret,  and  that  intermittency  may  affe.ct  the  pdf  in  the 
annular  shear  layer  (y  “  0.07  m) .  The  position  of  the  forward  stagnation  point  as  a 
function  of  the  central  jet  to  annular  flow  velocity  ratio  (Figure  25)  alsc  shows 
reasonable  agreement  with  the  data. 

The  conclusions  made  from  the  assessments  of  existing  first  generation  .combustor 
internal  flow  aadeln  were  clear.  The  stairstep  boundary  technique  was  not  a  suitable 
approach  for  addressing  the  complex  flowpath  geometries  of  conventional  combustor 
designs,  considerable  thought  went  into  identifying  better  alternate  approaches  for 
handling  the  geometry  issue.  What  emerged  was  the  decision  to  adopt  a  body  fitted 
coordinate  mesh  structure  using  generalized  curvilinear  coordinates  to  provide  for  the 
greatest  flexibility  in  handling  complex  geometries,  'jhe  one  and  two  dimensional 
axi symmetric  studies  addressed  the  issues  cf  stability  and  accuracy  of  convection  term 
discretization,  the  performance  of  several  difference  operators  in  various  flows,  and 
the  physical  modeling  of  turbulence  and  turbulence  chemistry  interactions.  These 
studies  all  lead  to  modeling  approaches  which  would  result  in  a  more  accurate  predictive 
capability  in  the  next  generation  code  for  combustor  flow. 


4.  IMPROVED  COMBUSTOR  MODEL  DEVELOPMENT 

The  conclusions  reached  as  part  of  the  assessment  studies  of  the  aval] able  first 
generation  modeling  capabilities  demonstrated  the  need  for  signif leant  improvements.  As 
a  result  of  this,  a  decision  was  reac  ied  to  undertake  the  development  of  a  now  improved 
combustor  internal  flow  model.  This  oecond  generation  combustor  model  would  bo  based  on 
a  generalized  body  fitted  curvilinear  mesh  structure  to  provide  the  required  flexibility 
to  model  the  complex  flowpath  geometries  typical  of  combustor  designs.  The  new  model 
would  have  all  of  the  capabilities  of  the  first  generation  model,  plus  feature  the 
improvements  in  numerics  and  physical  eubmodeling  that  were  identified  during  the 
assessment  studies.  The  development  of  the  new  model,  3D  CONCERT  (£artesian~Qr  Natural 
Coordinates  for  Elliptic  Reacting  turbulent  flows),  was  conducted  at  the  GE  Corporate 
Research  and  Development  Center.  In  a  parallel  effort  conducted  at  the  GE  Aircraft 
Engine  Business  Group,  improvements  to  the  first  generation  model,  3D  INTFLOW,  were 
made,  and  application  to  actual  combustor  design  and  analysis  problems  was  initiated. 
This  approach  permitted  the  near  term  introduction  of  improved  modeling  capability  while 
development  of  the  new  combustor  model  was  taking  place.  It  also  permitted  the 
identification  of  further  needed  modeling  improvements  and  capabilities  to  oe  introduced 
into  the  3D  CONCERT  model  e«*  development  proceeded. 

DEVELOPMENT  OF  3D  CONCERT  MODEL 

The  major  issue  behind  the  development  of  the  new  combustor  model,  3D  CONCERT, 
involved  the  inappropriate  representation  of  a  complex  flowpath  such  as  a  gae  turbine 
combustor  In  a  cartesian  or  cylindrical  coordinate  system.  As  ouch,  the  development  of 
3D  CONCERT  involved  constructing  a  new  combustor  model  comprising  state-of-the-art 
physical  submodels  and  numerical  procedures  within  the  framework  of  a  boundary  fitted 
coordinate  system,  because  the  use  of  the  curvilinear  coordinate  system  presented  some 
new  challenges  in  the  formulation  of  the  solution  algorithm  in  the  CONCERT  model,  a 
brief  discussion  of  the  formulation  ie  appropriate. 

The  3D  CONCERT  model  like  the  first  generation  3D  INTFLOW  model  addressee  the 
solution  of  the  governing  conservation  equations  for  a  dependent  variable  * .  The 
governing  equations  are  written  in  the  strong  conservation  law  form  in  general 
cuevil inear  coordinates,  as  derived  in  Reference  11.  The  conservation  equations 
typically  can  bo  written  in  the  cartesian  coordinates  for  the  dependent  variable  ♦  in 
the  following  form 


|y(nu,)^(pv*)+27(pw*}  -  5yCr||3+|Y(rj4)^CrH)+R(,<,y,!!) 


(I) 


where  r  is  the  effective  diffusion  coefficient  and  R  the  source  term.  When  new 
independent  vat iables  t,  »■  ,  and  v  are  introduced.  Equation  1  changes  according  to  the 
general  transformation  C*  C(x,y»z),  n  ^  (x,y,  z) ,  Y->(x,y,z).  The  reault  of  this 

coordinate  transformation  is  to  transform  the  arbitrarily  shaped  physical  domain  into  a 
rectangular  parallelepiped. 

Equation  1  can  be  rewritten  in  (».  coordinates  as  follows: 
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and  S (  rT*»f  v)  is  the  source  terra  of  the  governing  equation  in  (f.  ,'i#  r)  coordinates- 

A  staggered  grid  system  as  described  in  Reference  12  is  used  in  the  calculation. 
The  scalar  variables  (p, o,k, e,etc. )  are  located  at  the  center  of  the  control  volumes, 
while  the  velocity  components  are  located  on  the  control  volume  faces,  Figure  26. 

Finite  difference  approximations  to  the  conservation  laws  are  obtained  by  taking  the 
integral  of  Equation  2  over  the  control  volume  and  discretizing  it,  as  done  in  cartesian 
coordinates.  By  choosing  «*  «h»  »  *  1,  the  resulting  form  of  the  governing  equations 

become  formally  of  the  seme  form  as  the  finite  difference  equations  derived  in  cartesian 
cocrdinaten.  Because  of  this  similarity,  the  SIMPLE  solution  procedure  is  extended  to 
the  body  fitted  curvilinear  coordinate  system  using  the  methods  discussed  in  Reference 
13. 

The  solution  marches  sequentially  through  the  momentum,  pressure  correction,  and 
other  scalar  equations  (such  as  k,  r  ) ,  with  a  maximum  allowance  being  prescribed  for 
updating  each  dependent  variable.  This  sequential  procedure  is  defined  hero  as  tho 
outer  iteration  cycle.  Within  each  equation,  and  with  the  prescribed  allowances  as  the 
limit,  the  discretized  system  of  linear  equations  are  also  solved  iteratively.  This 
procedure  i:i  called  the  inner  icer-.tion  step.  The  detailed  implementation  of  the 
numerical  algorithm  is  discussed  in  Reference  13. 

Second  order  central  differencing  is  used  to  approximate  the  second  order 
derivative  terms  (diffusion),  in  tho  governing  equations.  For  the  finite  difference 
approximation  to  the  convection  terms,  both  hybrid  differencing  and  second  order 
accurate  upwind  differencing  are  available.  The  incorporation  of  the  second  order 
unwinding  reflects  the  results  of  previous  assessments  of  numerical  issues. 

In  the  development  of  the  3D  CONCERT  model  to  date,  much  of  the  effort  has  focused 
on  the  numerical  framework  rather  than  on  the  development  of  specific  physical 
submodels.  Ac  ouch,  the  model  at  this  time  considers  gaseous  fuel  injection,  the  two 
equation  k - r  turbulence  model,  and  "fact"  cheisi.5Lj.jr  coupled  with  a  probability  density 
function  treatment  to  account  for  compositional  fluctuations.  Elemental  rather  than 
molecular  species  concentrations  are  considered.  Since  elements  and  total  enthalpy  are 
conserved,  thoir  conservation  emulations  are  homogeneous,  if  all  diffusion  coefficients 
are  equal  the  mixture  fraction  {*■)  is  usefully  defined  as 


y 'H  :‘;;  . 

A  '  f  j.  ■ 


whore  (a)  and  (f)  refer  to  air  and  fuel  streams  and  z  is  any  elemental  mass  fraction  or 
total  enthalpy.  A  value  of  corresponds  to  a  known  instantaneous  concentration  of  the 
elements  and  total  enthalpy.  The  thermochemical  program  CREK,  (Reference  14)  is  built, 
into  CONCERT  to  determine  the  equilibrium  density,  temperature,  and  species 
concentration  Cor  each  mixture  ft action.  These  equilibrium  vectors  are  then  stored  as 
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thermocheiaical  tables  for  use  as  inquired  in  the  solution  of  the  conservation 
equations.  The  fluctuations  in  *  are  represented  by  the  fr -probability  density  function 
(  fl-pdf) ,  References  15  and  16-  The  transport  equations  for  the  first  two  moments  of  the 
pdf  describing  the  fluctuations  are  solved  simultaneously  with  the  equations  for  the 
pressure  correction,  momentum,  turbulence  kinetic  energy,  and  dissipation  rate.  Thus 
the  local  pdf  at  each  point  is  convoluted  with  the  corresponding  equilibrium  vector  to 
generate  required  quantities  such  as  the  local  mean  density.  This  approach  provided 
improved  physical  modeling  over  the  treatment  of  fact  chemistry  featured  in  the  first 
generation  JD  INTFLOW  model. 

During  the  development  of  the  3D  CONCERT  modol  considerable  effort  went  to  address 
the  need  tor  improved  computational  efficiency  associated  with  modeling  calculations. 

In  1985  two  studies.  Reference  17,  were  performed  to  investigate  two  aspects  of 
computational  speedup.  The  first  of  these  studies  explored  the  use  of  a  direct  solver 
approach  within  the  framework  of  the  curvilinear  coordinates.  The  second  study  explored 
the  pressure  correction  equation  used  in  the  iterative  approach. 

In  the  direct  solver  investigation,  a  procedure  using  sparse  matrix  techniques  for 
curvilinear  coordinates  was  formulated  and  evaluated.  In  this  procedure,  the  continuity 
equation  is  directly  discretized  instead  of  using  the  pressure  correction  equation  in 
the  iterative  approach.  The  momentum  and  continuity  equations  are  combined  Into  a 
single  equation  set,  linearized  by  successive  substitution,  and  solved  in  a  fully 
coupled  manner  using  a  sparse  matrix  technique.  The  specific  details  of  the  formulation 
of  the  direct  colver  approach  can  be  found  in  Reference  17, 

The  adopted  direct  solver  approach  was  implemented  into  a  2D  version  of  CONCERT  to 
simplify  the  overall  effort.  The  relative  performance  of  the  direct  solver,  in  terms  of 
computational  speedup,  was  assessed  against  the  iterative  approach  in  a  series  of  2D 
channel  flow  calculations.  From  the  results  of  this  study  it  was  demonstrated  that 
curvilinear  coordinates  make  the  relative  performance  between  the  direct  solver  and 
iterative  approaches  different  from  what  is  observed  in  cartesian  coordinates. 

Increases  in  grid  r.esh  points  penalize  the  computer  storage  requirements  and  the  cost, 
in  terms  of  processor  time,  of  the  direct  method  more  severely  than  the  iterative 
method.  For  the  iterative  approach,  the  amount  of  processor  time  per  iteration  was 
shown  to  be  proportional  to  the  number  of  mesh  points,  M.  The  direct  solver  approach 
did  converge  more  rapidly  in  terms  of  the  number  of  iterations.  However,  tho  cost  in 
processor  time  per  iteration  was  found  to  be  proportional  to  N  .  As  such,  the 
straight  forward  adoption  of  the  direct  solver  sparse  matrix  approach  was  not  a  viable 
approach  to  achieve  computational  speedup  in  the  3D  CONCERT  model.  However,  the 
importance  of  retaining  the  coupling  between  the  velocity  and  pressure  fields  was 
demonstrated  by  the  vastly  superior  rate  of  convergence  of  the  direct  solver  relative  to 
the  iterative  method. 

The  purpose  of  the  second  study  was  to  assess  the  effect  in  the  overall  rate  of 
convergence  of  the  iterative  approach  from  the  degree  of  convergence  achieved  in  the 
solution  of  the  individual  equations  in  the  inner  iteration  stop.  For  typical  combustor 
flows,  the  pressure  correction  equation,  which  is  Poisson-1 iko  and  hence  inherently 
eiilpuic  in  nature,  needs  more  iterative  steps  to  converge  than  tha  moment urn  or  scalar 
transport  equations  which  are  convection  dominated.  Typical  rates  of  convergence  for 
the  various  equations  are  shown  in  Figure  27.  The  use  of  line-SSOR  (Symmetric 
succession  over  Relaxation)  is  found  to  provide  substantially  faster  convergence  than 
point-SSOR  for  the  pressure  correction  equation.  In  either  case,  the  pressure 
correction  equation  often  needs  an  order  of  magnitude  more  iterative  sweeps  than  the 
momentum  und  scalar  transport  equations  to  reach  the  same  degree  of  convergence  in  the 
inner  iterations  step3. 

In  the  initial  development  of  CONCERT  the  linear  equations  were  formulated  and 
solved  on  a  scries  of  2D  planes  comprising  the  3D  solution  domain.  Only  one  pass  was 
made  through  the  domain  to  avoid  the  need  to  recompute  the  coefficients.  Although  this 
procedure  reduces  the  required  computer  storage,  it  is  incapable  of  solving  the  linear 
equations  to  an>  arbitrary  level  of  convergence  within  a  giver  outer  iteration. 
Consequently ,  a  new  procedure  was  developed  in  which  the  coefficients  are  calculated  and 
stored  over  the  full  3D  domain.  The  resulting  3D  equations  are  solved  by  repeated 
sweeps  of  point-  or  line-SSOR  to  the  desired  level  of  convergence. 

Ti.o  i?.proVttmwnt  in  the  overall  convergence  rate  tha*  results  from  solving  the 
linearized  equations  at  each  step  to  a  suitably  close  convergence  is  demonstrated  by  the 
results  shown  in  Figure  27.  Here  the  decay  of  tho  mass  residual  is  shown  for  both  the 
old  and  new  procedures  as  a  function  of  the  number  of  outer  iterations  for  a  turbulent 
flow  calculation  in  a  curved  3D  diffuser  with  a  croBs  sectional  shape  varying  from 
circular  at  the  inlet  to  rectangular  at  the  exit.  It  is  observed  that  the  improved 
solution  of  the  pressure  correction  equation,  resulting  fron  the  new  approach 
investigated,  causes  the  mass  residual  to  decay  much  more  rapidly  and  smoothly  than  in 
the  existing  procedure.  However,  in  the  new  approach,  more  calculations  are  performed 
in  the  inner  iteration  layer,  resulting  in  the  consumption  of  more  processor  time  par 
each  outer  iteration.  The  overall  savings  in  processor  tiica  will  not  be  as  good  os  the 
improvement  in  convergence  rata.  It  thus  becomes  apparent  to  look  at  approaches  which 
can  improve  the  computing  efficiency  of  the  solution  of  tha  pressure  correction 
equation. 

The  results  of  these  initial  studies  into  improving  computational  efficiency 
demonstrated  that  some  sort  of  compromise  between  the  fully  uncoup led  iterative  or"  '  ;h 
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and  the  fully  coupled  direct  solver  approach  was  needed  to  achieve  meaningful  reductions 
in  the  computational  time.  What  evolved  was  the  selection  of  an  approach  involving  a 
multistep  pressure  correction  algorithm  coupled  with  a  multi  grid  scheme.  Effort©  in 
1986  led  to  the  development  and  assessment  of  this  approach  in  the  curvfl  inoar 
coord inate  framework  of  CONCERT. 


The  multiple  step  pressure  correction  algorithm  developed  is  similar  in  spirit  to 
the  PISO  (Reference  18)  algorithm.  The  use  of  general  curvilinear  coordinates 
introduces  a  number  of  additional  terms  into  the  complete  ferm  of  the  pressure 
correction  equation,  which  appears  as: 


V’p  -  AEP  E  4  AWP'w  4  ANP'n  *  Vs  -  V'f  +  Vb 


U')w  -  (  V)K  4  (  V)s  -  (  V*)N  4  (  W)B  -  (  W)K 


(a) 

(b> 

(c) 

(d) 


Terms  (a)  and  (b)  make  up  the  standard  pressure  correction  equation  as  derived  in  the 
SIMPLE  algorithm  for  cart.eei.an  coordinates,  except  that  the  contra^ariant  velocity 
components  U,  v,  and  W  appear  in  the  mass  imbalance  term  (b)  here  due  to  the  use  of  a 
curvilinear  coordinate  system.  Two  additional  terms  also  appear,  with  Term  (c) 
representing  a  mass  imbalance  source  term  resulting  from  the  velocity  corrections  at  the 
neighboring  points  (a  similar  term  also  appears  in  the  PISo  algorithm)  and  Term  (d) 
representing  the  additional  neighboring  points  introduced  as  a  result  of  the  use  of  a 
nonorthoyonal  coordinate  system.  Since  the  complete  pressure  correction  equation  is 
virtually  intractable  in  this  form,  approximations  must  be  made  to  lead  to  a  more 
suitable  form.  A  predictor-corrector  approach,  which  in  Term  (c)  was  evaluated  using 
the  corrections  from  a  previous  stop,  was  selected  as  the  most  viable  approach. 

Drop,  ing  Term  (d)  was  found  to  lead  to  a  more  efficient  and  stable  algorithm. 


TeGt  runs  were  made  comparing  the  performance  of  the  algorithm  as  a  function  of 
the  number  of  corrector  steps.  For  a  turbulent  tlow  through  a  rectangular  channel  with 
an  asymmetric  expansion,  increasing  the  number  of  corrector  steps  from  one  to  three  did 
lead  to  an  appreciable  improvement  in  the  rate  of  convergence,  as  shown  in  Figure  28- 
However,  not  as  much  improvement  was  noted  for  the  more  complicated  flow  in  a  typical 
annular  combustor  geometry,  as  shown  in  Figure  29.  The  combination  of  a  highly 
nonorthogonal  mesh  around  the  dilution  holes,  and  the  strong  coupling  between  the 
turbulence  equations  and  the  flow  equations  seems  to  reduce  the  improvement  in 
convergence  rate  the  new  procedure  can  provide. 


The  computer  time  i squired  to  solve  the  pressure  correction  equation  represents  a 
sizable  fraction  of  the  total  computational  effort.  Cons j deration  of  pressure 
correction  methods  with  multiple  corrector  steps  means  that  a  number  of  pressure 
correction  like  equations  need  to  be  solved  at  each  outer  iteration,  placing  an  even 
higher  premium  on  efficient  solution  of  the  pressure  correction  equation. 

In  previous  studies  it  was  found  that  the  pressure  correction  equation  required 
many  more  sweeps  of  a  point-SSOR  or  line-GSQR  method  to  converge  than  either  the 
momentum  or  the  scalar  transport  equations.  This  is  because  the  pressure  correction 
equation  is  elliptic  in  nature  while  the  other  equations  are  convection  dominated.  It 
is  well  known  that  point  and  line  iterative  methods  converge  rather  slowly  on  elliptic 
problems,  particularly  an  the  number  of  inesh  points  becomes  large.  The  multigrid  method 
(Reference  19),  has  been  found  to  be  very  useful  in  accelerat  :iy  the  convergence  of 
these  solvers  for  elliptic  equations.  Another  approach  that  h  is  proven  successful  in 
accelerating  the  convergence  is  the,  so  called,  additive  correction  method,  Reference 
20-  In  the  approach  selected  for  CONCERT,  a  multigrid  correction  method,  which  is  a 
blend  of  both  of  these  approaches,  is  applied  to  the  pressure  correction  equation,  with 
the  goal  of  reducing  the  overall  computer  time  required  by  the  flow  calculation, 
corrections  ore  assumed  to  be  uniform  over  2x2x2  blocks  of  the  fine  grid.  These 
hinckrt  moke  up  the  control  velum a 3  of  a  Cvaifu  yrid  level  oj.  a  mult: grid  schema. 
Equations  for  the  corrections  are  fotmulated  so  that  the  corrected  solution  satisfies 
the  conservation  equations  lor  the  control  volumes  of  the  coarse  grid,  in  the  same  way 
that  the  corrected  solution  satisfies  the  conservation  equation  Over  each  grid  line  in 
the  additive  correction  approach.  Since  the  coefficients  of  the  correction  equations  on 
the  coarse  mesh  are  merely  sumo  of  the  fine  grid  coefficients,  the  calculation  requires 
very  little  extra  computational  effort.  In  the  context  of  a  three  dimensional 
calculation  in  a  nonorthogonal  coordinate  system,  the  savings  is  substantial  relative  to 
the  effort  that  is  required  to  compute  the  coefficients  independently  for  each  grid 
level,  an  is  often  done  in  nultigrid  methods. 


In  tho  adopted  approach,  the  fine  grid  is  solved  first,  followed  by  the  next 
coarser  level,  and  finally  the  coarsest  level.  At  present  only  these  levels  are  used 
although  extennione  to  more  levels  is  possible.  The  generated  corrections  on  the 
coarsest  level  ate  interpolated  using  trllinear  interpolation  onto  the  mid  level  grid, 
which  is  resolved,  and  finally,  those  corrections  are  interpolated  back  onto  tho  fine 
mesh  completing  the  cycle.  A  fixed  number  cf  sweeps  of  the  point  of  line-SSOK  procedure 
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is  performed  on  each  grid  level.  The  performance  of  this  raultigrid  algorithm  for  the 
pressure  correction  equation  is  illustrated  in  Figure  30  for  a  curved  duct  diffuser  flow 
solved  on  a  46  x  22  x  22  mesh.  The  multigrid  scheme  is  observed  to  provide  significant 
improvement  in  the  convergence  rate  of  the  pressure  correction  equation  relative  to  the 
single  grid. 

Another  essential  step  in  the  development  <'f  the  3D  CONCERT  model  involved  efforts 
to  develop  a  generalized  curvilinear  grid  generation  method  capable  of  accurately 
addressing  the  special  features  of  the  combustor  geometry  such  as  round  dilution  h  -lee 
and  cooling  slots  arbitrarily  located  on  the  contoured  boundary  walls.  The  special 
purpose  grid  generation  code  developed  employs  a  combined  use  of  elliptic  partial 
differential  equations  and  algebraic  interpolation  methods  to  generate  the  grid  system. 

The  procedure  starts  by  generating  a  2D  grid  mesh  on  the  side  contour  of  the 
combustor  geometry  using  proscribed  grid  clustering  along  the  wall  boundaries  and  mesh 
expansion  rario  in  the  interior  region.  This  2D  system  is  then  rotated  about  the  axis 
of  symmetry  (engine  centerline) ,  to  form  a  full  3D  section  with  a  prescribed  mesh 
spacing  in  the  circumferential* direction-  A  remeshing  procedure  is  employed  if  there 
are  dilution  holes  present  on  either  surface.  By  defining  the  hole  center  location,  and 
the  hole  radius,  the  elliptic  equation  method  is  employed  to  generate  a  new  grid  mesh 
with  satisfactory  smoothness  over  the  mesh  surface  domain  while  conforming  to  the  shape 
of  the  round  holes.  Any  odd  number  cf  node  points  can  be  assigned  within  each  hole  t  ^ 
resolve  the  necessary  details  of  the  dilution  jets.  After  the  surfaces  are  remeshed, 
all  interior  mesh  points  are  remeshed,  using  an  algebraic  interpolation  method,  to 
satisfy  the  clustering  and  smoothness  requirements. 

Figure  31  presents  such  grid  meshes,  for  an  isolated  10°  sector  of  an  annular 
combustor,  generated  with  the  code.  This  figure  also  provides  a  comparison  of  dilution 
hole  treatment  within  the  generated  mesh  between  the  rectangular  grid  scheme  used  in  the 
older  3D  INTFLOW  model,  and  this  new  curvilinear  grid  generator.  The  superiority  of 
this  improved  approach  are  obvious.  Further  development  of  the  curvilinear  grid  mesh 
generator  is  required  to  improve  the  grid  detail  for  wal1.  film  cooling  slots,  and  to 
address  the  3D  features  of  the  inlet  dome,  especially  in  the  circumferential  direction. 
Work  on  these  grid  generation  issues  will  be  addressed  as  part  of  the  continuing 
development  of  the  3D  CONCERT  model. 

Having  completed  the  basic  development  of  the  3D  CONCERT  model,  it  was  time  to  put 
it  all  together  into  a  package  usable  by  the  engineering  design  community.  The 
development  of  a  menu  driven  "user  friendly"  package  of  supporting  routines  built  arouna 
the  3D  CONCERT  model  was  completed  in  1986.  The  package  consists  of  eleven  elemental 
routines  which  allow  the  user  to  build  up  a  model  problem,  subnit  it  for  execution  on  a 
selection  of  available  computers, and  a  pose,  process  the  calculated  results.  Use  of  the 
package  significantly  reduces  model  set  up  tine.  A  typical  combustor  problem  can  be  sot 
up  and  submitted  for  execution  in  about  one  hour.  The  preprocessor  element  of  this 
package  automatically  generates  the  file  for  the  3D  CONCERT  model.  As  such,  the  chances 
for  input  errors  aie  also  significantly  i educed.  The  execute  clement  generates  all  ot 
the  job  control  language  (JCL>  required  tc  submit  the  job  on  the  designated  computer 
system.  This  eliminates  the  need  for  the  user  to  be  familiar  with  the  often  complicated 
JCL  required.  The  package  also  provides  the  user  with  file  management  to  assist  in 
passing  information  from  step  to  step  through  the  entire  process. 

With  the  completion  of  all  initial  development  aspects  of  3D  CONCERT,  the  model 
was  applied  to  perform  a  calculation  of  the  internal  flowfield  for  the  GE/SNECMA  CFM56 
engine  combustor.  Figure  32.  The  high  pressure  core  system  of  this  engine  is  currently 
j.n  use  on  several  aircrart  including  the  737-300.  The  combustor  configuration  modeled 
represented  the  standard  design.  This  modeling  exercise  served  os  the  initial 
validation  and  demonstration  of  the  3D  CONCERT  model  applied  to  real  combustor  flow 
problems.  Combustor  component  tent  data  in  the  form  of  de'uiJed  thermocouple 
measurements  around  the  exit  annulus  was  used  to  compare  with  the  calculated  results.  A 
mesh  of  52  x  25  x  37  grid  points  was  used  in  the  calculation  permitting  the  use  of  three 
levels  of  multigrid.  Illustrations  of  this  grid  mesh  are  presented  in  Figure  33.  The 
combustor  operating  conditions  including  the  flow  levels  through  the  various  combustox' 
mass  injection  features  wore  decormined  from  available  test  data.  ^The  combustor  inlet 
swirjer  and  spiasnpiate  velocity  cnaracteristics  were  goneittiiu  using  f«AJ.5t*r.g 
experimental  test  data  of  axial ,  radial,  and  tangential  (svirl) ,  velocities  at  varying 
radii  from  the  swirl  cup  axis  of  symmetry.  These  data  were  taken  earlier  using  a  five 
hole  yaw  probe,  and  are  the  same  data  used  to  generate  the  inlet,  svirler  characteristics 
in  the  previously  performed  3D  INTFLOW  modeling  calculations.  The  inlet  swirler  and 
spla&hplate  velocity  features  genorated  in  the  preprocessor  using  this  data  are  shown  in 
Figure  34. 

This  modeling  calculation  was  run  for  1250  iterations  requiring  about  1.75  hours 
of  epu  time  on  the  CRAY  XMP-28  computer.  The  convergence  history  of  the  residuals  for 
mass,  momentum,  and  energy  indicated  that  the  solution  was  reasonably  converged  at  this 
point.  Figure  3b  presents  the  calculated  velocity  field  In  the  plane  in  line  with  the 
inlet  swirl  cup  centers.  A  blowup  of  the  dome  region  in  line  with  the  swirl  cup  centers 
is  shown  in  Figure  36.  This  blowup  view  reveals  the  recirculation  zones  formed  by  the 
interaction  of  the  swirl  cup  flow  and  the  primary  dilution  jets-  These  velocity  field 
results  also  serve  to  demonstrate  the  superior  features  of  the  curvilinear  mesh  used  in 
CONCERT  when  compared  to  the  earlier  results  obtained  for  the  same  combustor  design 
ueing  the  cartesian  mesh  with  the  3D  INTFLOW  model,  Figure  12.  In  Figure  37  the 
c\lculated  velocity  field  and  gas  temperature  patterns  at  the  combustor  discharge  plane 
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are  presented.  For  comparison  purposes,  the  measured  exit  gas  temperature  patterns 
obtained  from  rig  testing  this  combustor  are  also  presented  in  this  figure.  This 
temperature  data  was  obtained  from  an  array  of  thermocouple  measurements  around  the 
entire  combustor  exit  annulus,  corrected  to  provide  an  integrated  temperature  rise  of 
99,5%  of  the  ideal  value.  The  presence  of  vortices  in  the  exit  plane  flow  is  evident 
from  this  figure.  These  vortices  have  their  origin  from  the  secondary  flows  developed 
with  the  injection  of  the  secondary  dilution  air  into  the  combustor-  Figure  37  also 
demonstrates  that  good  agreement  was  achieved  between  the  predicted  exit  gas 
temperatures  and  the  adjusted  measurements  from  the  rig  test.  The  modeling  calculation 
does  show  a  little  more  pattern  than  is  evident  from  the  teBt  data,  possible  indicating 
lees  overall  mixing  generated  by  the  model  than  is  experienced  in  the  actual  combustor. 
Similar  observations  have  been  made  in  previous  modeling  studies  using  the  first 
generation  3D  J. NT FLOW  model  which,  like  3D  CONCERT,  employs  the  two  equation  K-c 
turbulence  closure  model.  Another  possible  contributory  cause  may  be  the  lack  of 
“total"  convergence  of  the  solution.  The  temperature  field  is  usually  the  last  to 
completely  settle  out.  Given  the  crudeness  of  the  boundary  condition  details  supplied 
to  the  model  for  each  of  the  combustor  flow  injection  features,  especially  the  swirl 
cup,  the  generated  results  are  clearly  quite  good. 

This  modeling  exercise  has  successfully  demonstrated  the  capabilities  and 
superiority  over  first  generation  modeling  technology  provided  by  the  3D  CONCEPT  model. 
While  further  validation  of  the  model  at  this  stage  of  development  is  necessary  to 
provide  a  more  thorough  checkout,  its  release  to  the  user  community  will  provide  them 
with  an  easy  to  use  and  very  useful  analysis  tool  to  assist  in  the  design  and 
development  of  other  aircraft  gas  turbine  engine  combustors. 


5.  PLANNED  MODELING  IMPROVEMENT  ACTIVITIES 

The  completion  of  the  initial  development  of  the  3D  CONCERT  model  has  provided  a 
superior  analysis  tool  to  the  combustor  design  community.  Efforts  to  further  assess  the 
capaoilities  of  the  new  combustor  model  sr-  applied  to  other  GE  aircraft  gas  turbine 
engine  combustor  designs  are  presently  underway.  These  exercises  will  provide  a 
demonstration  of  the  modeling  capabilities  and  limitations  at  this  stage  of 
development.  The  model  will  also  begin  to  be  used  within  the  combustor  design  community 
as  an  analysis  tool  to  assist  in  combustor  development  efforts.  Being  that  this 
represents  the  initial  release  of  the  3D  CONCERT  model,  many  modeling  issues  of  concern 
to  the  designers  have  not  as  yet  been  addressed  within  its  framework.  However  the  new 
model  does  provide  a  new  foundation  on  which  to  develop/ imp lenient  the  needed  modeling 
improvements.  The  list  of  modeling  improvement  candidates  is  seemingly  endless.  As 
such,  within  the  scope  of  this  program  it  is  necessary'  to  assign  priorities  to  these 
issues  based  on  the  perceived  near  term  needs,  and  potential  payoffs  in  selecting  which 
ones  to  pursue.  The  following  discussions  briefly  describe  some  of  the  modeling 
improvement  activities  currently  in  progress  or  planned  in  the  near  future. 

At  this  time  work  is  nearing  completion  on  an  improved  release  of  a 
2 D/a xi symmetric  model  package  version  of  CONCERT.  This  package  will  provide  the  needed 
modeling  capability  to  perform  flow  analysis  in  diffusers,  swirl  cups,  or  any 
2 D/a xi symmetric  duct  of  complex  geometry.  The  ability  to  perform  detailed  computational 
analysis  of  complex  swirl  cup  flows  will  provide  a  very  useful  tool  for  the  designer  to 
apply  in  what  has  generally  been  regarded  as  a  challenging  art.  These  swirl  cup 
calculations  will  also  provide  the  needed  detailed  inlet  boundary  condition  information 
to  supply  to  the  3D  internal  flow  model.  In  a  recent  assessment  of  this  modeling 
package,  the  model  was  applied  to  perform  calculations  for  a  series  of  2D  diffuser 
configurations  from  the  Stanford  experiments,  (Reference  22).  The  calculated  static 
pressure  recovery  variation  with  diffuser  area  ratio  is  shown  to  be  in  excellent 
agreement  with  the  experimental  results.  Figure  38.  This  exercise  also  demonstrated  the 
ability  of  the  model  to  accurately  predict  which  configurations  would  experience  flow 
separations. 

Work  has  also  been  progressing  on  the  development  of  a  combustor  wall  cooling 
model.  This  model  employs  a  novel  approach  in  which  a  boundary  layer  calculation  is 
linked  with  the  3D  internal  flowfield  calculation  to  provide  predictions  of  th#>  lir.er 
wall  not  sldft  h.**t  transfer  characteristict*.  This  capability  is  needed  to  achieve 
improved  3D  thermal  analysis  and  life  predictions  for  the  combustor  liner  structures. 

The  adopted  boundary  layer  approach  overcomes  the  deficiencies  associated  with  the  wall 
function  treatment  used  in  the  3D  internal  flow  model.  In  its  present  state  of 
development  the  wall  cooling  model  is  2D  parabolic  in  character  .  Some  very  initial 
assessments  of  this  model  have  been  encouraging,  (Reference  23).  It  is  planned  to 
extend  the  model  to  3D  in  the  near  future. 

Compressibility  for  subsonic  flows  has  already  been  introduced  into  the 
2D/axisymrnetric  version  of  CONCERT  and  into  the  3D  version.  It  will  be  necessary  to 
develop  changes  to  the  existing  algorithm  to  permit  transonic  and  supersonic  flow 
conditions.  This  added  capability  will  permit  the  application  cf  the  CONCERT  modeling 
technology  to  high  Hach  number  duct  flew  analysis  such  as  the  aircraft  gas  turbine 
engine  augmentor  system. 

A  liquid  droplet  spray  modeling  capability  ie  presently  under  development  for  the 
3D  CONCERT  combustor  model.  Because  of  the  excessive  computational  intensity  and 
storage  requirements  models  of  considerable  complexity  are  not  considered  practical 
within  the  framework  of  the  3D  model  applied  as  a  design  tool.  Several  moderately 
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corrplex  approaches  which  account  for  droplet  site,  evaporation,  and  momentum  exchange 
with  the  surrounding  flowfield  are  being  considered.  Including  a  refinement  to  the 
Lagrangian  approach. 

Another  area  of  planned  activity  is  to  introduce  a  form  of  finite  rate  chemistry 
into  the  model.  The  next  level  of  complexity  relative  to  the  fast  chemistry  treatment 
currently  employed  ie  to  add  one  wore  scalar  variable  and  have  It  describe  as 
complicated  a  kinetic  scheme  as  possible.  The  two  scalar  approach  has  been  carried  to 
an  advanced  stage  in  hydrogen-air  systems  (Reference  24) .  A  mere  complex  three  scalar 
model  has  also  been  developed  for  CO/H2  flames,  (Reference  25) .  The  third  scalar 
introduced  spans  the  ranga  between  the  CO  frozen,  and  in  partial  equilibrium  with  the 
radical  pool.  Rather  than  a  2D  matrix,  the  thsrmochemical  system  lies  in  a  cube.  This 
model  has  demonstrated  the  ability  to  account  for  the  CO  kinetics  lagging  with  respect 
to  the  radical  pool,  and  should,  therefore,  be  applicable  over  a  wider  temperature  range 
than  the  two  scalar  approach.  It  is  planned  to  pursue  the  development  of  this  approach 
for  the  CH-air  system. 

In  the  area  of  turbulence  modeling  much  has  been  published  about  the  deficiencies 
of  the  two  equation  K-c  model.  Many  have  suggested  the  need  to  adopt  the  full  form  of 
the  Reynold's  stress  equations.  However,  it  is  felt  that  at  this  time  the  excessive 
computational  intensity  associated  with  this  approach  is  prohibitive  for  its 
introduction  into  a  3D  model  design  tool  environment.  A  loss  rigorous  approach  such  as 
the  algebraic  stress  model,  for  2D  CONCERT  and  a  Richardson  number  correction  for  3D 
CONCERT  will  be  pursued  as  potential  near  term  improvements.  These  approaches  have 
demonstrated  somewhat  superior  performance  over  the  standard  K~»-  model,  especially  in 
the  modeling  of  flows  with  high  swirls. 

Considerable  effort  and  progress  were  made  in  providing  improved  computational 
efficiency  during  the  development  of  the  3D  concert  model.  Recent  applications  of  the 
model  to  real  combustor  flow  problems  has  demonstrated  a  need  for  yet  further 
improvement.  In  the  near  term  it  is  planned  to  continue  to  optimize  and  streamline  the 
coding  to  take  the  most  advantage  of  the  CRAY  XMP-20  system  available  at  GE,  Future 
efforts  may  see  a  restructuring  of  the  model  to  take  advantage  of  parallel  processing 
techniques  associated  with  new  computer  system  designs  featuring  clustered  processor 
arrangements.  The  coding  is  presently  undergoing  modifications  that  will  permit  the  use 
of  the  CRAY  solid  state  disc  device  (SSD),  as  a  sort  of  virtual  memory  device.  In  the 
adopted  approach  only  the  five  planas  of  information  necessary  to  generate  the  inputs  to 
the  local  computational  cells  are  loaded  into  the  central  memory.  The  rest  resides  on 
the  SSD  which  currently  has  a  memory  capacity  of  32  megawords.  When  fully  implemented 
calculations  using  up  to  450000  grid  points  could  be  solved  using  just  one  of  the  two  4 
megaword  processors  of  the  current  CRAY  XMP-28  system.  The  extreme  input/output  speed 
of  the  SSD  will  result  in  very  little  penalty  in  total  epu  time.  This  will  permit  very 
dr Lull ~d  analysis  of  flow  problems  within  the  currently  available  computer  capacity. 

In  the  area  of  grid  generation,  consideration  is  being  given  to  adopting  a  zonal 
or  block  arid  approach  for  the  3D  CONCERT  model.  Trs  this  apnrn*rh  the  physical  domain 
is  broken  up  into  *  number  of  separate  zones.  Each  zone  could  bo  meshed  separately  as 
needed.  The  global  flow  problem  transforms  into  a  number  of  smaller  flow  problems. 
Linking  the  Individual  zones  together  must  be  done  with  care  to  assure  that  conservation 
is  maintained  across  the  interface  boundaries.  This  approach  offers  many  advantages, 
one  of  these  is  the  added  flexibility  in  meshing  extremely  complex  geometries  such  as 
multichannel  duct  flows.  Another  advantage  is  the  ability  to  couple  with  a  zonal 
solution  procedure.  Different  problem  zones  could  be  solved  with  a  procedure  different 
and  more  appropriate  than  for  other  zones.  An  example  in  point  is  the  planned 
incorporation  of  the  wall  cooling  model  into  the  30  internal  flow  model.  Flow  regions 
near  the  wall  could  be  established  as  separate  zones  from  the  main  internal  flow.  These 
boundary  zones  would  be  solved  using  the  wall  cooling  model  procedures  under 
development.  Yet  another  advantage  of  the  zonal  approach  is  its  suitability  to  take 
advantage  of  parallel  processing.  Ore  could  hypothetically  imagine  global  flow  problems 
broken  into  a  number  of  zones  each  solved  on  a  separate  processor  of  a  clustered 
computer  system.  Another  grid  generation  issue  receiving  considerable  attention  is  the 
concept  of  adaptive  grid  solutions.  The  appealing  aspect  of  the  adaptive  grid  method  is 
the  ability  to  adjust  the  grid  in  an  intelligent  way  to  achieve  improved  accuracy 
without  resorting  to  a  priori  knowledge  and  intuition  of  the  modeler.  An  approach  for 
2D  flow  problems  based  on  the  concent-  of  cquidioti ibution  has  been  developed,  and  has 
u;,dexyone  considerable  examination  (Reference  20) .  As  an  example,  the  flow 
configuration  shown  in  Figure  39  is  a  two  dimensional  planar  channel  flow  with  a  one 
sided  sudden  expansion.  The  flow  is  isoth3rmal  and  turbulent  with  an  inlet  Reynolds 
number  of  2.5  x  10  .  This  figure  shows  the  original  uniform  and  resulting  adaptive 
grid  systems  and  the  numerical  solutions  obtained  for  each,  Tt  is  seen  from  this  figure 
that  the  adaptive  grid  solution  yields  a  much  sharper  velocity  gradient  in  the  free 
shear  layer  region.  The  scale  of  flow  variations  in  the  lower  wall  region  is  also 
better  resolved  by  the  adaptive  grid  which  has  clustered  more  grid  points  there.  As  to 
the  skewness  of  the  mesh  that  can  be  introduced  by  the  adaptive  grid  procedure,  studies 
have  shown  that  no  noticeable  effect  on  the  overall  numerical  accuracy  resulted.  The 
development  of  a  multi  dimensional  adaptive  grid  approach  suitable  for  the  3D  CONCERT 
model  is  a  planned  future  improvement. 

During  the  development  of  the  3D  CONCERT  model  considerable  effort  went  into 
addressing  issues  concerning  the  useability  of  the  model.  In  its  present  form,  the  3D 
CONCERT  modeling  package  is  an  easy  to  use  stand  alone  flov/  analysis  tool.  As  a  further 
significant  improvement  in  this  area,  efforts  to  develop  a  comprehensive  combustor 


aerothermal  Workstation  built  around  the  3D  and  2D/axt symmetric  CONCERT  model a  have  just 
been  initiated.  When  completed  the  engineering  workstation  will  provide  the  combustor 
design  community  a  packaged  and  managed  system  with  which  the  user  will  be  able  to 
perform  a  complete  development  study  of  a  combustor  from  the  preliminary  design  right 
through  to  predictions  of  the  combustion  system  performance-  The  workstation  data 
management  will  be  compatible  with  existing  mechanical  design  workstations  to  allow 
pertinent  information  to  be  passed  between  design  groups.  This  workstation  system  will 
greatly  enhance  engineering  productivity  in  the  design  and  analysis  of  combustion 
systems. 


6.  CONCLUDING  COMMENTS 

The  combustor  acrathp*-mal  modeling  technology  development  program  has  made 
considerable  progress  to  d< '  ..  Knowledge  has  be  n  gained  through  the  application  and 
assessment  of  modeling  technology  to  a  wide  vari«  ty  of  combustor  flow  problems,  and 
through  the  development  of  the  new  second  generation  model  3D  CONCERT.  These  activities 
have  also  demonstrated  the  usefulness  of  modeling  technology,  plus  obtained  acceptance 
within  the  combustor  design  community. 

The  payoffs  to  be  obtained  from  the  efforts  of  this  program  have  only  recently 
begun  to  be  realized.  It.  is  felt  that  the  modeling  capability  available  at  this  time 
provides  very  useful  and  accurate  predictions  of  the  combustor  internal  flow  features, 
and  the  exit  gas  temperature  patterns  .  This  useful  capability  will  play  a  significant 
part  in  the  reduction  of  lengthy  and  costly  development  testing  efforts  to  achieve 
acceptable  exit  gas  temperature  patterns.  It  is  clearly  understood  that  many  important 
modeling  issues  have  yet  to  be  addressed.  The  continued  development  and  introduction  of 
modeling  improvements  to  address  these  issues  will  further  enhance  combustor  modeling 
capabilities  providing  even  greater  benefits  to  the  combustor  design  community.  The 
ultimate  payoff  of  theso  efforts  becomes  significantly  improved  engineering  productivity 
in  the  design  and  development  of  combustion  systems  with  overall  suporior  performance 
achieved  at  considerably  reduced  costs.  This  represents  the  ultimate  objective  of  the 
combustor  aerothermal  modeling  technology  development  program. 
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Figure  1 .  ID  COBRA  Mode!  ami  Predicted 
Results  for  CFM56  Combustor. 


Figure  50  x  26  x  32  Grid  Mesh  lor  3D  INTFEOW 
Model  of  Walker/Kors  Dilution  Jec 
Experiments . 
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Figure  3.  3D  INTFEOW  Model  Results  for  Wal)fcr/Kors  Dilution 
Jet  Experiments. 


Figure  4.  Coarse  Grid  Selection  for 
Calculations  of  NASA/GE 
Experimental  Test.  Config- 
urat ions . 


Figured .  Comparison  of  Measured  and  Calculated 
Results  far  Experimental  Test  Config¬ 
uration  4. 
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Figure  6.  Modified  CFM56  Sector  Test 
Configuration. 


Figure  7.  4t*  >.  21  x  38  Grid  hush  for 

Cylindrical  Wall  Model  of  Modi¬ 
fied  CFM56  Sector  Combustor . 


Fi^uro  8.  Calcula:ev!  Velocity  Field  for  a  Combustor  Using 
3D  I Fir  LOW  Model  (Without  Stairstep  Boundar) 
Treatnient )  . 
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Figure  9.  Calculated  3D  1NTFLOW  Results  Figure  10.  Calculated  Y-Peclct  Numbers 

for  CFM56  Modified  Combustor  for  3D  1NTFL0W  Model  of  Mod- 

Using  Cylindrical  Liner  Walls.  ified  CFM56  Sector  Combustor 


Se'ecled  grid  X-H  plane 
(Appioxinatoly  45.D00  total  ynd  points 


Figure  11.  Grid  Mesh  with  Stairstep  Boundary  Tieatmcnt  Model 
of  Modified  CFM56  Sector  Combustor. 
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Calculated  velocity  field 
plan  midway  between  swirl  cups 


Figure  12.  Calculated  Results  from  3D  INTFLOW 
Model  (Velocity  Field). 
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Figi  re  13.  Calculated  Results  from 

INTFLOW  Model  (EGT  Pat  ferns). 
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Figure  1m.  Numerical  Solutions  at 
X  =  ?.  -  2Ax  (Downstrp;im 
Boundary  Conditions: 
Gradi  ent  of  ({.  =  0  in 
StreamwJ.sr  Direction). 


Figure  13.  Numerical  Solutions  at 
X  =  1  -  2Ax  (Downstream 
Boundary  Conditions: 

(J1  ~  0 )  • 


Flg-Tt*  16.  Centerline  Profile  of 
Axial  Velocity, 
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Figure  17.  Radial  Fro  file  o£ 
Axial  Velocity. 
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Figure  18.  Radial  Frolile  of  Favre- 
Averaged  Variance  in 
Mixture  Fraction. 


Figure  19.  Radial  Profile  of 
Turbulence  Kinetic 
Energy. 
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Figure  20,  Radial  Profile  of  Kavre -Averaged 
Mean  Temperature. 


Data  from  Green  and  Whitslaw 


Data  from  Green  and  WIiiIoIdw 


Figure  21.  Radial  Profile  of  Turbulence  Figure  22. 
Kinetic  Energy  and  Mean 
Axial  Velocity  at  x/rQ  »  -0.61. 
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Figure  23a.  Experimental  Flow  Assembly  Schematic. 
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Figure  23b.  Centerline  Profile  of  Axial 
Velocity  for  Counterswirl 
Flow,  k -c  Model. 


Figure  23c.  Centerline  Profile  of  Axial 
Velocity  for  Counlcrswirl 
Flow,  Algebraic  Stress  Model 
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Figure  24a.  Schematic  of  A FA PL  Axisymmctric 
Bluff  Body  Flame  Experiment. 


Figure  24c.  Center  line  Turbulence 
Kinetic  Energy. 


Figure  25a.  Radial  Temperature  Profile 
at  X/U  =  0.43. 


Figure  25b.  Locution  of  First  Stagnation 

Point  for  Higher  Jet  Velocities 
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Figure  26.  Staggered  Grid  Arrangement  for  CONCERT. 


Figure  27a.  Reduction  of  Error  for  the 
Various.  Equations. 


Figure  27b,  Convergence  Histories  of 
Old  and  New  Algorithms. 


Figure  2d.  Comparison  Between  3  Step  and  1  Step  Pressure  Correction  Methods  for 

Turbulent  Flow  In  a  Rectangular  Channel  with  an  Axi aymnictrl c  Expansion, 
Re  -  10\ 
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Figure*  35  Calculated  Velocity  Field  for  CFM56-2  Cumbustor 
(3D  CONCERT). 
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Figure  37.  Calculated  Exit  Velocity  Field  and  Exit  Gas-  Temperatures  for  CFM56-2 
Combustor  (3D  CONCERT). 
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Experimental  data 
(Stanford  report) 


2D  concert  calculation 
■  61  X  29  grid  mesh 
•  1000  iterations 
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Figure  38.  Comparison  of  Calculated  vs.  Measured  Results  for  7!)  Diffuser. 
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Figure  39. 


Grid  Systems  3nd  CaK  Jlat  <1  Solutions  for  Flow  in  Exoamslfin 
<l*x2C  Grid;,  Rc  -  2.5  x  tu:>. 
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DISCUSSION 


G.Wintcrfeld,  UE 

You  showed  an  impressive  list  of  improvements  of  your  modelling  techniques;  however,  you  still  have  to  validate  the 
codes  against  the  exit  temperature  distribution.  If  you  don’t  reproduce  the  time  history  of  development  of  the  temperature 
profiles  inside  the  combustor,  the  validation  of  the  codes  remains  rather  by  chance-  Do  you  plan  also  to  improve  thc 
experimental  test  case  of  the  original  combustor,  not  only  models  of  parts  of  the  combustor.  C  an  you  please  comment  on 
that  point? 

Author's  Reply 

Yes.  I  understand  that  we  have  a  supporting  test  program  using  a  variety  of  experimental  techniques  to  acquire  a 
benchmark  quality  data  base.  We  will  take  data  in  reacting  flow  fields. 


T .Rosfjord,  US 

After  a  3D  combustor  calculation  has  been  performed,  lu  v.  oo  you  ju  Ige  whether  tile  predictions  arc  ‘good  enough?"  Do 
you  target  for  a  combustion  efficiency?  Emissions?  Liner  hot  spots? 

Author's  Reply 

In  response  to  this  queston,  we  are  presently  focusing  our  modelling  devclopmen  s  U  provide  engineer*,  with  reasonably 
accurate  p.edictions  of  the  comhustor  exit  gas  temperatures.  In  particular,  we  are  ool  ng  at  the  capa*  ility  to  predict  EGT 
pattern  changes  r- suiting  from  dilution  pattern  or  film  cooling  changes.  This  we  fed  ;j  the  greatest  near  term  usefulness  of 
modelling  lech;:'  agy.  In  assessing  how  good  is  good  enough,  we  have  applied  the  new  3D  model  to  a  scries  of  actual 
compustoi  fDw  problems  for  which  EGT  data  is  available,  documenting  pattern  changes  arising  from  dilution  changes. 
What  we  are  looking  for  here  is,  did  the  mode!  predict  the  correct  trends  in  the  pattern  changes,  and  arc  changes  in  hot 
spot  levels  correctly  predicted?  The  examples  presented  represent  a  range  in  the  quality  of  the  prediction  obtained  to  date 
for  what  would  be  considered  useful  for  engineering  design  and  development. 


J.McGtairk,  UJ , 

I  would  lile  t  j  comment  on  your  statement  that  you  currently  only  use  a  second  order  upwind  scheme  in  the  momentum 
equations.  Tns  means  you  use  first  order,  numerically  diffused,  methods  in  the  turbulence  model  equations  and  for 
mixture  fraction.  In  several  flows  calculated  at  Imperial  College,  we  have  observed  that  it  is  equally  necessary  to  use  false 
diffusion  free  schemes  in  the  turbulence  equations  and  it  is  very  imporiunt  m  the  equation  for  mixture  fraction,  since  this  is 
a  conserved  scalar,  and  has  no  source  terms  to  offset  false  diffusion  effects. 

Author’s  Reply 

The  selection  of  second  order  upwinding  was  based  on  a  detailed  assessment  of  hybrid,  quick,  skew  upwind  and  several 
others.  In  this  assessment  second  order  upwind  was  not  the  best  performer  in  each  ca.se  studied.  I  lowever,  it  represented 
an  annrnjirh  with  forma!  second  ordes  accuracy  unconditionally  stable  for  aii  values  of  ect!  Herlet  number  and  was 
straiglitfoiwaid  lo  implement  in  the  curvilinear  coordinates.  It  does  however  exhibit  undcr/over  shoots  due  to  its  non- 
conseivaiive  nature.  As  such  we  employ  it  only  for  the  convective  terms  in  the  momenium  equation.  As  you  point  out,  wc 
have  thus  created  a  situation  in  which  wc  solve  the  scalai  and  turbulence  equations  with  hybrid  numerics.  It  would  be  more 
rigorous  to  develop  a  bounded  technique  for  second  order  upwinding  and  apply.  In  the  solution  of  all  the  governing 
equations  your  comments  at  e  appreciated  and  we  shall  consider  further  numerical  improvements  of  this  kind. 


J.B.Moss,  UK 

It  is  disconcerting  to  those  of  us  working  in  combustion  modelling,  for  example,  as  distinct  from  combustor  modelling  to 
find  so  many  code  developments  proceeding  in  parallel  without  ranking  of  requirements  or  sensitivities.  It  we  were  to 
distinguish  four  elements:  numerical  procedures  (difference  schemes,  mesh  generation,  solution  algorithms);  turbulence 
modelling,  turbulence-chemistry  interaction  modelling;  two-phase  flow  elfecls  —  what  would  be  your  ranking  of 
priorities?  The  a!l-singing  all-dancing  code  makes  molecular  testing  and  validation  quite  impossible. 

Author’s  Reply 

In  reviewing  my  response,  keep  in  mind  that  ihe  objective  of  this  project  is  the  development  of  a  combustor  model  which 
can  provide  useful  predictions  of  gross  internal  flow  features  (exit  gas  temperature  paite  ms),  easy  and  economical  to 
apply  for  the  average  combustor  design  engineer.  To  respond  lo  this  question  wc  presently  have  a  plan  for  future 
modelling  activities  which  covers  all  of  those  areas  you  mentioned  plus  some  others.  Wc  arc  presently  working  on  several 
it. "ins  from  this  large  list.  These  are  the  things  we  feel  wc  have  the  greatest  near  term  need  for.  In  selecting  these  items  wc 
hi.ve  assessed  the  benefits  and  risks  involved.  Since  our  program  is  very  small  in  scope  we  are  looking  for  the  best  near 
term  benefits  with  low  risk  involvement.  As  such,  our  list  includes. 

•  2  phase  modelling  capability  to  model  fuels,  droplet  effects  and  perform  low  power  analysis. 

•  3D  parabolic  wall  cooling  mode!  to  couple  with  3D  elliptic  internal  How  calculation  to  provide  a  rigorous  prediction 
of  the  flow/heat  transfer  characteristics  at  the  wails. 

•  2D/Axisyinmctic  model  for  analysis  of  swirl  cup  flows.  Wc  will  implement  2  phase  flow  capability  and  improved 
turbulence  modelling  in  this  code  prior  to  implementing  the  improvements  in  the  3D  model. 
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ABSTRACT 

To  effectively  use  mult  i  dimer,  clonal  models  for  gas  turbine  combustor  design  and  development  activities, 
a  method  is  preaenteu  to  compute  s««  hermal  performance  parameters  including  CO,  unbumed  hydrocarbon, 
N0X  and  smoke  emissions;  blov\»:i  and  ignition  fuel/air  ratios,  and  pattern  factor.  To  further 

improve  modeling  accuracy,  advances  are  required  in  numerics  and  physical  submodels  of  turbulence  and 
spray  transport  processes.  A  status  report  ia  presented  on  the  ongoing  Allison  modeling  activities. 

1.  INTRODUCTION 

Since  the  first  tvo  successful  applications  of  multidirenoional  combustion  models  to  aid  the  design 
and  development  of  gas  turbine  combustors,  a  number  of  combustion  systems  have  been  designed  using  the 
emplrlcal/analytlcal  design  methodology  as  flunroarizeU  in  Reference  2.  /n  extensive  model  assessment 
activities  were  conducted  under  a  NASA  sponsored  program  and  reported  in  Reference  3.  The  major  conclu¬ 
sions  of  References  2  and  3  are: 

(1)  current  multidimensional  combustion  models  provide  qualitatively  good  comparison  with  measurements; 
and  therefore  they  can  be  used  as  an  adjunct  to  the  conventional  empirical  design  approach. 

(2)  Any  further  improvement  in  the  predictive  accuracy  of  analytical  combustion  models  19  predicated  on 
accomplishing  the  following; 

o  collect  a  benchmark  quality  data 

o  develop  numerical  schemes  vith  significantly  lower  numerical  inaccuracy 

o  conduct  a  systematic  evuluation  of  current  physicochemical  models  of  turbulent  reactive  flows;  and 
if  needed,  develop  and  validate  new  models 
o  mathematical  simulation  of  practical  gas  turbine  combustor  hardware 

(3)  Multidimensional  modcla  cannot  realistically  predict  a  number  of  design  parameters  including  burner 
exit  pattern  factor;  liner  hot  streaks;  gaseous  emissions  (CO,  unbuined  hydrocarbons  and  N0X);  exhaust 
spoke;  lean  blowout  and  Ignition  characteristics.  Consequently,  the  combustion  models  have  been  used  to 
provide  qualitative  guidance  in  arriving  at  innovative  design  concepts. 

Since  January  1954,  Allison  Gas  Turbine  Division  of  General  Motors  Corporation  hes  been  working  hard  in 
addressing  the  model  deficiencies  identified  above  under  company  and  government  sponsored  programs.  Some 
of  these  activities  are  reported  in  References  4  through  13. 

Section  II  presents  a  second-generation  combustor  design  system  that  predicts  most  of  the  combustor  de¬ 
sign  parameters;  this  capability  represents  a  significant  improvement  over  the  first  generation  design 
system  based  on  Referenct  1.  Section  III  presents  briefly  the  development  of  advanced  numerical 
schemes^'^,  followed  by  turbulence  model  vaiidation^"y  In  Section  IV.  Considerable  effort  is  being 
expended  at  Allison  (10-13)  on  spray  formation  and  transport  processes  as  described  in  Section  V,  fol¬ 
lowed  by  summary  in  Section  VI.  From  this  one  can  conclude  that  although  some  progress  la  being  made  in 
the  modeling  of  turbulent  combustion  processes,  much  more  needs  to  be  done  to  improve  the  accuracy  of 
multidimensional  reacting  flow  calculations. 

ii .  second  generation  combustor  design  system 

The  first  generation  combustor  uuoign  procedure  as  outlined  in  Reference  1  has  teen  very  useful  for  de¬ 
veloping  a  number  of  advanced  combustors^)  that  exhibited  significant  technology  advances  in  combustor 
At,  heat  release  rate,  L/H,  pattern  x'ictor,  lean  blowout,  ignition,  liner  cooling  air  flow  requirement, 
wall  temperature  gradient,  gaseous  and  smoke  emissions.  However  aue  to  many  reasons,  the  ans]yri^-i 
models  have  provided  only  qualitative  guidance  uuiiug  combustor  design  and  development  phases. 

Simple  semi-analytical  correlations  have  been  successfully  developed  by  LefebvreC1*)  and  NellcrO5) 
and  their  associates  to  predict  combustor  overall  design  parameters.  Table  1,  for  example,  presents  a 
•et  of  the  correlations  recommended  by  Professor  Lefebvre.  These  correlations  have  evolved  over  a  number 
of  years  and  are  based  on  the  vast  amount  of  experimental  data  for  a  n>Hobir  of  engine  combustors.  Since 
these  expressions  have  given  good  quantitative  agreement  with  data  over  a  wide  range  of  operating  condi¬ 
tions,  they  probably  Include  most  of  the  key  parameters  that  govern  the  operation  of  the  fonbustor 
Professor  Lefebvre  has  been  able  to  correlate  data  from  different  rombustcro  with  a  set  of  empirical  con¬ 
stants  Ci  through  and  Cg.  However,  to  achieve  this,  engineering  approximations  have  been  made  to  fix 
eo»e  of  the  constants  (e.g.,  f,  fc,  (f/a)aZ,  Vc,  and  Vev)  whereas  other  constants  (e.g.,  C5,  C6,  and  C/) 
vary  fro a  combustor  to  combustor.  This  approach  has  been  very  useful  to  correlate  the  available  data 
and  gain  insight.  Further  work  is  needed  to  predict  the  effect  of  the  design  derails  (e.g.,  combustor 
dome,  nozzle  and  primary  Jet  details  -  vane  angles,  spray  cone,  airflow  splits,  primary  orifice  size  and 
spacing)  on  combustor  performance. 
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To  predict  accurately  the  combustion  efficiency,  CO,  unbumed  hydrocarbons,  flOx  and  soot,  significant 
improvements  are  required  in  numerics  and  turbulent  spray  combustion  models;  and  this  may  take  many 
years.  Evfen  then  some  sort  of  modeling  will  be  required  to  predict  other  design  parameters,  e.g.,  pattern 
factor,  lean  blowout  and  ignition.  Therefore,  an  alternative  approach  that  combines  the  best  of  semi-* 
analytical  and  multidimensional  combustion  modeling  techniques  may  be  very  useful.  In  addition,  improved 
calculation  procedures  are  needed  to  accurately  define  the  combustor  liner  boundary  conditions,  the  near- 
wall  hot-side  convective  flux,  and  radiative  heat  loading. 
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A  second-generation  combustor  design  system,  as  shown  in  Figure  1,  is  being  developed  at  Allison.  This 
approach  has  given  good  agreement  with  data  from  a  number  of  combustors  as  discussed  in  the  following 
paragraphs. 


Figure  i.  A  second  generation  combustor  design  system. 
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Table  II  presents  the  macrovolume  correlations  that  have  been  used  to  predict  CO,  unbumed  hydrocarbons , 
KOjj,  soot  concentration,  combustion  efficiency,  pattern  factor,  and  lean  blowout  fuel/oir  ratios. 

The  expressions  within  the  square  brackets  (as  predicted  by  the  3-D  combustor  modal)  are  summed  oyer  each 
of  the  control  volume  unit.  The  seven  independent  empirical  constants  of  Table  II  need  to  be  fitted  with 
the  available  combustor  data  base.  It  Is  hoped  that  one  set  of  these  constants  will  fit  the  entire  data 
base.  To  date,  a  number  of  engine  combustors  have  been  used  for  validating  this  approach.  A  typical 
comparison  la  discussed  in  the  following  paragraphs  for  three  classes  of  combustors,  namely  can-annular, 
Inline  and  reverse  flow  annular  combustors. 

Figure  1  presents  typical  measured  CO  emission  indec  for  inline  and  reverse  flow  annular  and  can-annular 
conbu3tora  es  denoted  by  open  circles,  squares  and  diamonds;  the  corresponding  predictions  are  shown  in 
solid  symbols.  The  comparison  covers  ovei  a  broad  range  of  engine  operation  from  idle  to  maximum  power. 
The  agreement  is  good.  Similarly,  the  comparison  between  predictions  and  data  is  good  for  unbumed 
hydrocarbons,  N0X  and  smoke  as  shown  in  Figures  3,  4,  and  5,  respectively. 

Lean  blowout  ftiel/air  ratios  during  startup  and  at  idle  points,  and  pattern  factor  can  be  presented  as  a 
function  of  a  number  of  parameters.  Figure  6  presents  the  LBO  data  (open  symbols)  as  a  function  of  V^SQ 
where  Vg,  6  and  0  represent  liner  reference  velocity,  compressor  discharge  pressure  and  temperature,  re¬ 
spectively,  Hodel  predictions  (denoted  by  sulid  symbols)  agree  well  with  data.  Figure  7  presents  pre¬ 
dicted  and  measured  pattern  factor  values  of  different  combustors  as  a  function  of  (AP/q^)  L/K  where 
iJP,<J3,  L  and  H  are  combustor  liner  pressure  drop,  compressor  discharge  dynamic  head,  combustor 
liner  length  and  channel  height,  respectively.  Again  good  correlation  Is  obtained  between  data  and  pre¬ 
dictions. 
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Combustor  liner  durability  la  effected  by  liner  wall  temperature  IcveLa  and  gradients  and  attendant  ther¬ 
mal  induced  stresses.  It  ia  therefore  important  to  accurately  predict  liner  hot  stieaks  and  hov  they 
are.  influenced  by  combustor  design  detailc.  Xo  obtain  accurate  estimate  of  liner  wall  temperature,  it 
is  eflseu*ial  to  include  the  radiation  flux  contribution  from  its  various  combustor  zoneo  onto  each  wall  seg 
■lent.  This  can  be  easily  dene  when  the  detailed  3-D  combustor  tlov  field  ia  known.  F.adlstlon  flux  to  a 
wall  segment  1  la  given  by  Rj  -  0.5  o  (1  +  c#)  ElF  Cg  T1*5  (T2*5  -  Here  u»  cw t  Cg»  F,  T  and 

are  Stefan-Bolttmen  constant,  wall  emiaaivlty,  gas  emiaaivity,  radiation  view  factoi ,  gas  and  wall 
t'rtperarures,  respectively.  Simple  expressions  are  used  for  computing  convection  contribution  to  and 
fro::  the  vail.  Such  a  procedure  has  given  good  correlation  vith  measured  data. 

Figures  a  and  9  a.*e  typical  predicted  wall  temperature  contours  for  the  outer  and  inner  diameter  liner 
walls  of  an  inline  through  flow  annuler  ecoobuator;  the  results  shown  a  tv  for  a  one-nozzle  sector  un- 
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wrapped.  From  these  fif.ver  ona  can  ace  ■  number  of  hot  and  cold  spots.  For  example,  the  predicted 
average  QD  wall  (from  Figure  8)  ia  98b*K  whereas  ina  maximum  wall  temperature  la  1222 “K. 

Ill.  ADVANCED  NUMERICAL  SCHEMES 

Over  the  part  two  decades  aigr  If  leant  advances  have  be  in  made  In  numerical  echeases  In  regard  to  discreti¬ 
zation.  profile  arjumpiions  end  solvvlcn  algorithms.  A  limiLed  literature  review  la  given  In  References 
*>  and  6,  where  the  details  are  presented  on  the  twt  advanced  numerical  scheme©  for  application  to  gas 
turbine  combustor  flows.  TUrsi  chutes  are  briefly  described  in  the  following  paragraphs. 

For  most  practical  problems,  the  central  uif ferencing  achoce  CCDS  ■  would  be  Ideal lv  suited  if  It  wtre 
imcandldonitU)  stable.  The  CPS  is  a  simple  second-order  accurate  e».Cer.e  which  lu  easy  and  ttraight  - 
forward  to  irvlanent.  However,  for  grid  Pecl.it  numbers  iarger  than  2,  the  CDS  can  lead  to  over-  and 
under-shoots  and  is  unstable.  The  hybrid  (upwind/CDS)  scheme  is  ©table  for  all  Peclet  numbeis  but  suf¬ 
fers  from  excessive  ,'alae  diffusion.  An  alternate  scheme  named  CONDIF  (for  COu troll ed  numerical  Diffu¬ 
sion  with  Internal  feedback)  haa  been  devisei^5)  to  have  imcondi'.i  onally  positive  coefficient  ard  otili 
maintain©  the  essential  .eatvres  of  the  CDS  and  its  "econd-order  accuracy. 

CONDIF  employs  the  central  differencing  vhen  Pe  £  2.  r  potnts  vnere  Pe  >  2  and  the  dependent  variable 
varies  aonotonically,  a  modified  central  differencing  scheme  ia  used.  Otherwise,  the  upwind  scheme  is 
used.  CONDIF  employs  numerical  diffusion  just  enough  to  ensure  stability  based  inttmally  on  the  field 
distribution  of  the  variable  rather  than  switching  to  upwind  differencing  as  scon  as  Pe  exceeds  2. 

Since  upvlndlng  ia  d.r»e  only  at  relatively  few  grid  points,  CONDIF  essentially  maintains  the  eecond-order 
accuracy  of  the  central  differencing  scheme. 

Another  advanced  numerics  called  fltoc-spl Jne  that  has  been  developed^)  is  based  on  a  linear  variation 
of  total  flux  (convection  and  diffusion)  between  two  prid  points.  This  repres-iua  an  improvement  over 
the  assumption  of  uniform  flux  used  in  hybrid  schemes.  The  linerr  flux  variation  leads  to  an  expression 
that  includes  the  effect  of  multidimensionality  as  well  as  the  scurce  terms.  Consequently,  the  numerical 
error  is  reduced. 

An  attractive  feature  of  CONDIF  and  flux  spline  schemes  is  that  their  extension  to  three-dimensional 
flows  ia  relatively  straightforward.  The  resulting  finite  difference  equations  involve  only  seven  points 
as  opposed  to  27  points  used  In  many  skew  upwind  schemes. 

Both  of  these  schemes  have  been  used  to  solve  a  variety  of  analytical,  2-D  laminar  and  turbulent 
flovs^Sjb^  As  an  example,  results  for  a  square  driven  cavity  are  presented  here.  Tills  flow  ia  char¬ 
acterized  by  a  strong  recirculatior  zone  typical  of  many  physical  situations.  The  problem  was  solved 
with  a  uniform  22  x  22  grid  using  different  scheme;  and  the  results  were  compared  with  a  very  fine  grid 
(82  x  82)  hybrid  solution.  The  velocity  profiles  at  the  mldsection  of  the  cavity  are  shown  in  Figure 
10.  Both  CONDIF  and  flux  spline  show  improvement  over  the  hybrid  scheme;  e.g.  solution  of  flux  spline 
with  (22  x  22)  grid  compares  well  with  (82  x  82)  grid  hybrid  solution 

In  addition  to  the  need  for  improved  numerical  accuracy,  an  important  aspect  of  the  fluid  flow 
calculations  i©  the  treatment  of  interiinkages  between  various  transport  equations.  This  issue  i9 
especially  important  in  the  primitive  variable  formulation  for  incompressible  flows  since  th*.  momentum 
and  continuity  equations  are  coupled  through  the  pressure  field  but  no  explicit  equarion  exists  for  the 
evaluation  of  pressure. 

Normally  the  equations  are  solved  in  a  segregated  tanner  and  the  velocity  pressure  coupling  i©  handled 
using  the  SIMPLE  algorithm  or  it©  variants.  In  this  approach  the  .ontinuity  and  momentum  equations  are 
combined  to  obtain  an  equation  for  pressure  (or  a  related  quantity)  and  the  equations  are  solved  in  a 
decoupled  manner.  The  success  of  this  approach  depends  heavily  on  a  proper  choice  of  the  under 
relaxation  factors.  Moreover,  the  convex geuce  rote  deteriorates  significantly  beyond  t  certain  number 
of  grid  points. 


Driven  cavity 


Flguvi  10.  Velocity  profiles  at  the  rniusecLiop  of  the  cavity. 
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An  alternate  to  the  STHPLE-like  approach  1*  to  aolve  the  equation  In  e  coupled  manner.  For  this  purpose 
coupled  solvers  with  point,  line,  or  direct  whole  domain  Inversion  have  been  developed.  Here,  ve  will 
discus*  whole  domain  Inversion  technique  wherein  a  direct  solution  of  the  whole  set  of  continuity  and 
jaooenttisi  equation  is  obtained.  *ihua,  the  coupling  between  the  various  equations  is  implicitly  retained. 
The  velc>  itlea  and  pressures  are  updnted  sinul1 -weously  and  iterations  are  required  only  for  resolving 
rhe  non! I  near itlea  in  the  equations.  Our  approach,  dollar  to  that  of  Vaiifca,  and  Brest en,  uses  the  Yale 
sparse  sati'l*  package  (TSHT;  for  Inverting  the  Matrix.  Y5MP  solves  the  linear  system  equation  AY  ■  B  by 
u  sparse  uatrlx  variation  of  the  LU  decomposition  procedure,  where  L  *hd  h  are  the  lower  sad  upper  tri- 
itnguler  tn  .trLcee.  Bren  though  the  coat  of  Matrix  inversion  is  large,  the  total  computation  coot  is 
rather  Retail  due  to  the  lev  number  of  Iterations  required  to  achieve  convergence. 

’-'reviewb  voiJ  on  the  direct  Inversion  technique  (DIT)  has  been  limited  to  lower-order  schemes,  e.g.  hy- 
hrli.  We  h* ve  combined  j.'T  vich  \lux  spline  differencing  technique  bo  that  more  accurate  numerical  pro- 
diet  lens  *;r-u  be  obtained  at.  ccaputar  routs  cortparsbr.*  with  current  numerics. 

To  Kenunstr ate  the  advantage  os'  tf.'s  acheir.'r  over  fh«.  3’wlFUHFy*>ri4  b^ss-J  vchctnc,  a  number  cf  problems 
have  beeu  calculated.  Here  we  present  the  revolts  *»#  ;t»c-  prcLl tar  >'la"i'.iar  l.V  v  In  a  driven  cavity,  and 

turbulent  flow  over  a  backward  facing  ate;-)  in  r'g  *:!  tu'  rav-'r?,  in  njsjp it'»r  Live  Tor  tho  cuic  level  cf 

numerical  accuracy.  Table  111  suunarlzea  v h^  rvsi’l*.?  ffiich  iho.f  r.hav  for  the  driven  c^?iuy  peob’et*  the 

current  scheme  with  82  x  82  grids  la  comparable  *n  j course/  with  22  r.  11  grit's  of  five -apli  ni-  end  ill  . -ret 
solver;  the  former  requires  572  seconds  vdiereas  the  letter  take-  6  recondf.  cf  CPU  tis*,  gi^l^g  *  specs' 
factor  of  95  or  99X  reduction  in  computer  time  For  the  turbulent  backward  facing  at-.p  problem,  the 
speed  factor  of  15  cox  responds  to  a  93X  reduction  In  computer  time. 


Tabic  HI. 

ELux.BP.llne  with  a  direct  solution  algorithm. 
IBM  3081  CPU  time,  seconds  (Grid) 
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IV.  TURBULENCE  MOD FLING 

A  number  of  turbulence  modeling  investigations  have  been  reported  over  the  years  for  application  to  *a« 
turbine  combustion  flow  fields;  and  these  have  included  the  use  of  k-c,  Reynolds  stress  algebraic  and 
differential  models  (Ra'A,  RSD).  These  investigations  have  contributed  significantly  in  Identifying  the 

Strength  and  weaknesses  of  the  models,  and  it  is  generally  agreed  that  although  general  features  of  the 

flow  field  are  well  predicted  by  the  second-order  closure  models,  a  systematic  validation  effort  Is  re¬ 
quired  to  further  improve  these  models  and  to  develop  advanced  models.  A  good  quality  data  is  obviously 
needed  In  addition  to  advanced  numerics  to  assess  model  accuracy. 

lhe  k-e  model  is  the  simplest  model  that  Is  suitable  for  recirculating  flow  calculations.  This  model 
achieves  closure  by  using  a  gradient  transport  model  for  Reynolds  stresses  by  using  at  isotropic  eddy 
viscosity.  For  the  flows  where  the  isotropic  eddy  viscosity  assumption  ia  not  valid,  the  k-c  Is  either 
modified  (to  Include  the  effect  of  low  Reynolds  number,  streamline  curvation  and  ovirl)  or  replaced  by 

algebraic  stress  models  (RSA).  RSA  can  be  classified  into  two  categories;  equilibrium  v.RoA/2)  ana  non- 

equU  itv-tum  mndeis.  RSA/E  is  Lustu  on  a  local  equilibrium  Assumption  whereby  the  convection  and  diffusion 
t*rm-  sre  neglected  compared  to  the  local  production  and  dissipation  of  turbulence.  In  the  nonequillbrium 
models  the  convection  and  diffusion  terms  are  approximated,  e.g-  Mellor  and  Yamada(l6^ (FSA/MY)  and  Rndl'17^ 
(RSA/R)  . 

In  the  flow  situations  where  it  ia  not  possible  to  approximate  or  neglect  convection  and  diffusion  terms, 
the  six  Reynolds  stress  transport  equations  along  with  at  least  one  length  scale  equation,  c.g.  e- equa¬ 
tion,  need  to  be  solved  (RSD). 

The  results  of  a  number  of  RSA  and  RSD  turbulence  models  have  been  compared  with  available  data  during 
the  last  two  years  with  the  SIHPI.Z -Hybrid  based  computer  code.  Figure  11  shows  a  typical  comparison  of 
the  three  turbulence  models  (k-c,  algebraic  stress  model  and  Reynolds  stress  rodel)  with  the  mean  axial 
velocity  profiles  measured  by  Johnson  and  Bennett1®  at  B  <°  13,  51,  102,  152,  203,  254  and  305  rat,  re¬ 
spectively. 

Although  the  agreement  between  models  and  predictions  is  encouraging,  one  cannot  make  any  definite  con¬ 
clusions  about  which  of  the  three  turbulence  models  is  superior  because  a  number  of  Issues  still  need  to 
be  resolved,  e.g.  ivmcrlcal  accuracy,  boundary  conditions  :nd  accuracy  of  the  data.  This  ia  currently 
under  progress,  e.g.  grid  independent  solution  with  the  k-r  mode!  for  tW2  2  D  rcclrcul«li,«*  flow  cases 
!«  presented  in  Rf.fclc i»cc  5.  We  win  continue  our  effort  to  establish  how  fir  second-order  closure 
models  can  be  extended  for  application  in  gas  turbine  design  method. 

In  parallel  we  have  been  working  on  developing  a  Joint  probability  density  function  (PDF)  transport  equa¬ 
tion  approach  for  solving  recirculating  swirling  flow  problems  *a  encountered  In  gas  turbine  combustors. 

This  effort(9)  is  based  on  the  extension  of  the  PDF  transport  approach  of  Professor  Pope  and  his  aeao- 
ciatea(19)  that  has  been  validated  with  a  number  of  simple  flows  with  and  without  reaction.  The  PDF 
approach  involves  the  solution  of  the  evolution  equation  of  the  velocity-composition  Joirt  PDF.  The 
Joint  PDF,  f  (¥,  g,  t),  la  the  probability  density  of  the  simultaneous  event  U(jt,  t)  -  y  and  $ 

(x»  O  •  where  U,  g,  z  and  t  denote  velocity  vector,  a  set  of  scalars,  spatial  coordinator  and 
tine,  respectively.  The  PDF  approach  Is  Ideally  suited  for  solving  complex  reacting  flows  due  to  the 
following  reasons: 


26-y 

o  significantly  leas  computer  tine  will  be  required  compared  to  direct  munerir.nl  simulations 
c  since  convection,  variable  density,  chemical  reaction  rates,  and  mean  pressure  gradients  appear  In 
closed  for®,  many  cf  the  closure  issues  of  current  turbulent  combustion  models  are  avoided  altogether 
o  r.he  approach  la  extendable  to  cultlstep  chemical  reactions  most  appropriate  for  JP  fuels 
o  a  realistic  atochaatic  apray  combustion  simulation  can  be  easily  Incorporated  in  the  Joint  PDF  ap¬ 
proach 

A  multiyear  PDF  effort  la  currently  underway  to  fiettie  a  number  of  issues  Involving  modeling,  solution 
strategy,  numerics  and  validation.  The  feasibility  of  the  approach  has  recently  been  demonstrated^ 
as  applied  to  a  backward  facing  step.  Figure  12  through  14  show  tyrlcal  comparison  of  predictions  with 
the  measured  data  of  Pronchick  and  Kline^2^.  The  calculations  were  made  with  k-c,  KSA,  RSD  and  PDF 
models  for  a  uniformly  distributed  52  x  32  grid.  All  foo1-  turbulence  models  show  essential  features  of 
the  axial  velocity  field  aa  shown  in  Figure  12.  Here  X  denotes  x-xg/xK,  wheir  x  is  the  axial  dis¬ 
tance  from  the  step  and  Xr  la  the  regttachnent  length.  Similarly,  PDT,  R$A  and  BSD  give  general  trends 
of  <;u ’ v 1  >  as  shewn  in  Figures  13,  14  and  15.  Like  the  second-order  closure  nodels, 

work  la  ir.  progress  to  further  improve  PDF  calculations. 

V.  ATOMIZATION  AND  SPRAY  TRANSPORT  PROCESSES 

Gas  turbine  combustor  performance,  durability  and  fouling  arc  strongly  influenced  by  fuel  injector  design 
and  its  interaction  with  awirler  and  dome  detail  design.  It  la  therefor-?  important  to  fully  underatAnd 
various  processes  occuring  within  and  around  the  fuel  nozzle.  The  specific  areas  that  are  being  ad¬ 
dressed  include  aerodynamics  within  the  complex  passages  of  the  atomizer,  fuel  filming,  ligament  fonnn- 
tion  and  breakup,  atomization,  convection  and  diffusion  transport  of  spray  droplets,  evaporation,  mixing 
and  combustion. 

The  predictions  of  air  flow  velocities  within  the  nozzle  passage  wan  originally  carried  out  using  a  body- 
conforming,  curvilinear  orthogonal  gxid(^).  Now  it  is  done  with  a  more  generalized  nonorthogonal  coor- 
«lJratc  nysiem  that  also  includes  coupling  between  the  injector,  swirler  and  thr  ohroud.  The  liquid  film 
< h*cfcna sa  Js  calcu'.cted  based  on  the  interfacial  friction  factor  between  the  airsr.ream  and  liquid  film. 
T?ic  breakup  01  the  1/quid  sheet  into  ligaments  and  drops  is  governed  by  the  balance  of  the  forces  caused 
by  air  velocity*  auifacn  tension,  liquid  inertia  and  viscosity.  The  time  needed  for  the  disturbance  wave 
tc  hrnw  to  maximum  value  at  breakup  ,.e  dete mined  from  the  resulting  equation  of  notion.  Tie  average 
le.igth  of  ligaments  and  initial  droplet  itfzc  are  calculated  through  an  Iterative  procedure.  The  second¬ 
ary  vt omi ration  is  based  oti  the  rate  of  '■eisoval  of  fluid  stripped  o^f  the  surface  by  the  high  velocity 
stream. 


Figure  H.  tortparibon  of  turbulence  models  wifh  measured  menu  axial  velocity 
profiles  of  Johnson  and  Bennett 
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Fig  ire  13.  Prt'di'ifed  and  measirei  profiles. 

The  spray  dynamics  model  consists  of  a  fully-co jpi.ed  ccubination  of  Lagranglan  droplet  and  Eulerian  gas 
phase  calculations.  Tue  Lsgrangian  model  includes  the  effects  of  the  gas  turbulence  cn  droplet  disper¬ 
sion  a3  described  by  Gosnen  and  Ioannides^1  * .  The  Eulerian  treatment  of  the  fluid  is  based  on  the 
tvo-phase  fc-c  model  that  accounts  for  t !.».  extra  energy  dissipation  due  to  the  presence  of  the  droplets 
within  the  carrier  phase^O), 

To  validate  nozzle  airflot  calculation  procedure,  detailed  near-nozzle  airflow  field  has  been  mapped  for 
a  total  f  eight  noz2lec  with  a  two-color,  four-beam  LDA  system.  Reference  7  presents  a  comparison  be¬ 
tween  mceauremenre  *nd  prediction*  for  the  four  simulated  nozzles.  A  typical  comparison  for  an  airblast 
nozzlv^*3)  is  *i.own  in  Figure  16  for  E/D  ■  o.l  arid  1.0,  where  D  is  the  nozzle  shroud  exit  diameter  and 
X  the  axl*1  distance  downstream  from  the  nozzle  exit.  The  calculations  were  done  with  the  standard  k-e 
model . 


Axial  velocity  Swirl  veloc1ty--m/s 


Figure  16.  Comparison  between  predicted  and  measured  axial  and  swirl  velocity  profilco. 

The  spray  dynamics  model  was  used  to  predict  the  pressure  atomizer  spray  data  of  Batchalo  tt  al^22-1 
who  used  a  Phase/Doppler  analyzer  to  measure  axial  and  radial  velocity  comDonento.  droni**  n*«»ter  d-nelty 
and  af?»  dlitribttlrr.,  riguiv  17  above  a  typical  comparison  between  predictions  and  data  it  S  m  down¬ 
stream  from  the  injector.  Thia  test  configuration  Is  too  complicated  in  that  the  boundary  conditions 
are  not  well  defined  in  addition  to  measurement  uncertainties,  nevertheless,  the  agreement  can  be  con¬ 
sidered  qualitatively  good. 

In  our  more  recent  investigation^12)  a  well  defined  teat  configuration  has  been  studied.  The  develop¬ 
ing  regions  of  an  unconfined  axisymmetric  turbulent  jet  with  and  without  glass  beads  of  105  micron  diame¬ 
ter  huve  been  investigated  experimentally  and  analytically  with  two  mss  loading  ratios,  LR  ••  0.2  and 
1.0.  A  two-component  Phaae/Dopplcr  system  was  used  to  map  out  the  flow  field  for  both  phases  Including 
number  density,  and  two  orthogonal  components  cf  velocity  for  both  phases. 


Figures  19  and  ly  show  comparison  between  predictions  and  measurements  for  two  loading  ratios  (LR  ■-  0.2 
and  1.0)  Id  regard  to  gas  axial  velocity,  particle  axial  and  radial  velocity  components,  and  partlcla 
number  density.  The  calculations  are  shown  for  both  deterministic  (DT)  and  atochaatic  (ST)  treatments 
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figure  17.  comparison  between  predicted  end  measured  data 


Figure  18.  Radial  profiles  of  normalized  gas  axial  velocity,  particle  axial  and 
radial  velocity  components,  and  particle  number  density  at  loading 

ratio,  LR-0.2.  - - —  stochastic  treatment  - —  deterministic 

treatment 

of  the  particles.  In  these  calculation*,  the  two-pha^e  k-t  model  vas  u*ed.  Both  Dt  and  ST  treatments 
glee  nearly  the  same  gas  axial  velocity  profiles.  However  for  the  particle  quantities  including  radial 
and  axial  velocity  components,  and  nuabei  density  ST  treatnent  gives  better  agreement  with  data  than  DT. 
As  loading  ratio  increases  fro*  0.2  to  1.0  <Figura  10  vsrsua  Figure  19),  the  correlation  gets  worst  Indi¬ 
cating  son  modeling  wo,.*  need  to  be  done  In  the  near  job  exit  region  which  la  of  Interest  in  tea  turbine 
combustor*. 
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Figure  19-  Radial  profiles  of  normalized  gas  axial  velocity,  paiLiclo  axial  and 

radial  velocity  component*,  and  particle  number  density  at  loading  ratio, 
I.R“1.0.  - —  stochastic  treatment  — - - - deterministic  treatment 


VI.  summary 

Multidimenrional  gas  turbine  combustion  modeling  involves  a  number  of  physicochemical  processes,  and 
these  will  have  to  be  sorted  out  individually  and  in  combination.  Robust,  reliable,  accurate  and  coropu- 
tatlvely  efficient  numerical  schemes  need  to  be  developed.  In  addition,  one  muat  determine  how  to  use 
the  detailed  combustor  internal  aerothermal  calculations  to  aid  the  combustion  system  design  process. 

A  unique  calculation  procedure  has  been  developed  that  combines  the  3-D  combustor  model  output  with 
macrovoluwe  expreseiono  r©  compute  design  parameters  and  wall  temperature  distribution.  This  approach 
has  been  calibrated  with  a  number  of  gas  turbine  combustors. 

Some  advances  have  been  made  in  numerics,  turubulence  and  spray  format  ion/injecr.i  on  modeling.  Work  is 
continuing  in  further  validating  these  models  with  the  benchmark  quality  data  currently  being  produced 
under  the  NASA  sponsored  Aerothemal  Modeling  Phase  II  activities. 
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DISCUSSION 


J.McGuirlf ,  UK 

I  notice  in  the  FDF  transport  equation  results  you  showed  for  the  backward  facing  step  that  there  stii,  seems  significant 
statistical  error  present  in  the  velocity  profile  in  the  reverse  flow  zone.  Is  this  an  indication  that  the  sample  size  in  the 
Monte  Carlo  ensemble  is  not  large  enough?  Also,  what  is  the  relative  cost  ot  performing  this  calculation  compared  with, 
say  a  K-E  or  Reynolds  Stress  Transport  model? 

Author’s  Reply 

The  kink  in  the  U-velocity  profile  in  the  reverse -flow  region  is  not  a  result  of  the  sample  size  in  the  Monte  Carlo  ensemble, 
which,  incidentally,  is  adequate.  It  should  be  noted  that  the  calculation  were  peformed  using  a  novel  approach  which 
combines  conventional  finite-difference  calculations  with  the  Monte  Carlo  calculations  (see  Reference  9  in  the  paper). 
The  kink  in  the  velocity  profile  is  a  consequence  of  the  error  in  the  derivatives  ot  the  Reynold  stresses  which  appear  as 
source  terms  in  the  momentum  equations  in  the  finite  difference  calculations.  The  components  of  the  Reynolds  stresses 
;.*c  supplied  by  the  Monte  Carlo  in  the  form  of  bi  cubic  spline  fits,  which  arc  subsequently  differentiated  to  obtain  the 
source  terms.  Small  errors  in  the  spline-fit  arc  amplified  when  differentiated.  Since  the  papers  (Reference  9  and  the 
present  work)  were  written,  we  have  significantly  improved  the  accuracy  of  the  spline  fits  with  considerable  reduction  in 
error  in  the  derivatives  derived  from  them. 

The  number  of  particles  usd  in  the  Monte  Carlo  simulation  was  1 00,000.  While  the  Monte  Carlo  calculations  were 
performed  on  a  CRAY-XMP  the  finite  difference  calculations  were  performed  on  an  IBM  30H4.  Taking  into  account  the 
difference  in  execution  speeds  between  the  machines,  we  deduce  that  the  PDF  calculations  take  a  factor  of  2  to  4  more 
CPU  time  that  calculations  with  conventional  models  {K-E.  RSA,  RSD).  More  details  can  be  found  in  Reference  9.  A 
piiiisi;  louipai  ison  of  die  execution  speeds  tor  the  various  models  has  noi  been  performed  and  cannot  be  pcrfoi  med  free 
of  biases  in  coding,  veciorizution, etc.  The  important  conclusion  is  that  the  Monte  Carlo  calculations  for  2-D  recirculating 
flows  are  quite  affordable. 

Wc  would  like  to  point  out  that  forming  splines  consumes  the  majority  of  the  CPU  time  in  Monte  Carlo  calculations.  The 
time  required  for  the  present  PDF  calculations  reflects  a  successful  effort  in  reducing  the  CPU  lime  by  judiciously 
modifying  the  Monte  Carlo  algorithm  to  diastically  reduce  the  frequency  of  forming  splines  without  affecting  the 
modelling  of  die  PDF  transport  equation. 
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SUMMARY 


A  mathematical  model  of  the  finite  difference  type  is  employed  to  predict  the  three 
dimensional  reacting  flows  within  realistic  combustor  geometries.  Beth  algebraic  stress 
and  k  -  e  sub-models  have  been  employed  for  turbulence,  together  with  combustion  models 
of  the  Magnussen  type  and  a  detailed  fuel  spray  model.  A  Lagranglan  type  model  for  the 
calculation  of  residence  time  distribution  has  also  proved  useful  in  validating  the 
predicted  flow  fields.  Modelling  is  carried  out  for  a  cylindrical  combustor  can  and  for 
a  sector  of  an  annular  gas  turbine  burner.  Both  of  these  possess  swirl  stabilised  primary 
zone3.  Experimental  measurements  of  gas  velocity,  combustor  residence  time  distribution, 
composition  and  temperature  have  been  employed  for  model  validation  and  results  obtained 
to  date  have  been  encouraging . 

NOMENCLATURE 
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Combustion  Model  Constant 
Droplet  Drag  Coefficient 

Gas  Specific  Beat  Capacity  at  Constant  Pressure 
Droplet  Specific  Heat  Capacity 
Droplet  Diameter 
Enthalpy 

Kinetic  Energy  of  Turbulence 
Latent  Heat  of  Vaporization 
Molecular  Weight  of  Species  i 
Mass  Fraction  of  Species  i 
Number  of  Trials 
Fressurc 
Gas  Constant 

Rate  of  CO  Consumption  by  Chemical  Reaction 
Rate  of  Fuel  Consumption  by  Chemical  Reaction 
Enthalpy  Source  Term  Due  to  Chemical  Reaction 
Species  Source  Term  Due  to  Chemical  Reaction 
Temperature 
-rime 

Velocity  Vector 

Time  Average  Velocity  Component 
Instantaneous  Velocity  Component 
Fluctuating  Component  of  ui 
Droplet  Velocity  Component 
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*  Kronecker  Delta 
t  *  Dissipation  Bate  of  k 

n  «  Gaussian  Distributed  Random  Number 
\  «  Gas  Thermal  Conductivity 

p  ■  Density  of  Gas 

p^  *  Density  of  Liquid  Phase 

i  =  Turbulence  Time  Scale 


Subscripts 

co  Carbon  Monoxide 

d  Droplet 

fu  Fuel 

k  Kinetic  Energy  of  Turbulence 

o  Oxidant, 

s  Chemical  Species 

l  Dissipation  Bate  of  k 

introduction 

The  mathematical  modelling  of  reacting  flow,  using  finite  difference  techniques,  is 
now  well  estaolished.  The  k  -  c  model,  which  is  the  simplest  practical  turbulence  model, 
together  with  the  simplest  combustion  models  (based  on  the  fact  that  chemical  reaction 
proceeds  at  a  much  greater  rate  than  does  turbulent  mixing)  have  often  proved  adequate. 

Such  models  are  increasingly  being  put  to  use  by  industry,  allowing  prediction  of  overall 
flow  patterns  and  temperature  distributions,  for  example  Priddin  II].  Reviews  of  the 
techniques  ?nd  their  application  to  gas  turbine  technology  can  be  found  in  many  of  the 
recent  publications,  [  2,  3  ).  Less  well  developed  are:  computationally  tractable 
combustion  models  capable  of  predicting  pollutant  formation;  models  capable  of  predicting 
the  effect  of  fuel  atomizer  performance  on  the  combustion  process;  the  use  of  higher  order 
turbulence  closures  which  might  overcome  the  problems  often  vm.uuiii.tieu  with  two  equation 
models  in  stony ly  swirling  flows. 

Application  of  models  to  modern  gas  turbine  combustor  geometries,  with  complicated 
wall  boundaries  and  m-.y  discrete  inlets,  is  also  an  area  undergoing  development. 

Approaches  hero  range  from  the  diicct  solution  of  the  governing  equations  in  cartesian  or 
cylindrical  polar  coordinate  systems  to  the  use  of  general  two  and  three  dimensional  non 
orthogonal  grids,  for  example  Thompson  i  4  ].  The  former  technique  requires  the  least 
computational  effort  but  has  the  disadvantage  of  only  approximating  the  shape  of  many 
curved  boundaries.  Additionally  it  often  results  in  an  inefficient  distribution  of  grid 
nodes  within  the  f]ow  field. 

This  paper  presents  the  findings  of  studies  carried  out  at  Sheffield  in  applying 
finite  difference  techniques  to  two  realistic  three  dimensional  combustor  geometries.  The 
combustors  employed  are  a  crylindrical  can  with  swirl  stabilised  primary  zone  and  an  annular 
combustion  chamber.  The  same  computer  code,  written  for  solution  of  problems  in  cylindrical 
or  cartesian  coordinates  with  arbitrary  boundary  conditions,  has  been  employed  in  both 
canes.  (This  was  a  variant  of  the  FLUENT  code).  The  coupllnq  together  of  more  than  one 
finite  difference  arid  has  made  modelling  of  t-.hp  annul.  «?tor  E Q ib le .  without  the 

need  for  more  sophisticated  gride: ing  methods.  In  thie  >me  efforts  have  been  made  to 

assess  the  usefulness  of  an  algebraic  stress  turbulence  closure  for  the  reacting  flow 
problem  and,  for  the  liquid  fuelled  combustor  can,  a  detailed  fuel  spray  model  is  included. 

A  Magnuesen  type  model  l  5,  6  ]  has  been  employed  for  chemical  reaction  since  it  has  proved 
to  give  reasonable  results  in  earlier  studies  and  is  easily  incorporated  with  the  droplet 
model.  The  extension  of  the  reaction  model  to  a  two  step  chemiutry  allows  some  estimate  of 
Co  formation  in  the  combustors. 

For  validation,  experimental  studies  have  also  been  performed  with  both  combustor 
geometries.  Measurements  of  gas  composition,  temperature  and  exit  velocity  arc  compared 
with  model  predictions.  In  addition  residence  time  distribution  measurements  have  been 
made  using  the  method  described  by  Topps  [  7  ]  and  F.wan  at  al  [  8  ]  .  These  are  compared 
with  the  results  of  a  Lagrangian  type  prediction  method  and  prov4dc  a  convenient  inean3  of 
flow  field  validation. 
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1 .  THE  MATHEMATICAL  MODEL  FOR  THE  GAS  PHASE 


For  the  prediction  of  Isothermal  flow  fields  within  the  combustion  chambers,  the 
equations  requiring  solution  are  those  for  conservation  of  mass  and  momentum  in  their 
time  averaged  form.  Since  the  process  of  Reynolds  decomposition  and  time  averaging 
results  in  unknown  correlations  of  tne  fluctuating  velocity  components ,  a  turbulence 
model  is  also  required.  Using  the  k  -  c  model  requires  the  solution  of  two  additional 
transport  equations,  those  for  kinetic  energy  of  turbulence,  k,  and  its  dissipation 
rate  e.  The  set  of  governing  equations  is  given  in  appendix  A  (equations  A1  to  A6) . 

For  compactness  cartesian  tensor  notation  has  been  employed  to  present  the*  formulation. 
The  use  of  an  algebraic  stress  turbulence  model  (ASM)  requires  additional  algebraic 
relat ionships  for  the  six  Reynolds  stresses  (appendix  A).  In  the  ptesent  ASM  formulation 
the  partial  differential  equations  have  been  retained  in  their  k  -  c  model  form. 


The  prediction  of  single  phase  reacting  flow  requires  further  transport  equations 
for  the  time  averaged  species  concentration  and  enthalpy.  Turbulent  diffusion  is 
modelled  here  by  analogy  with  Fick'o  law.  That  is  the  gradient  diffusion  assumption  is 
assumed,  the  method  adopted  by  most  workers  for  large  3-dimensional  calculations.  Heat 
capacity  data  and  the  gas  law  are  also  required  in  order  to  relate  gas  density,  temperature, 
and  enthalpy.  The  equation  set  is  summarised  in  appendix  B.  The  approach  adopted  here  has 
been  to  retain  Reynolds  decomposition  and  to  neglect  density  fluctuations,  a  procedure 
which  is  consistent  with  the  frequently  used  density  weighted  averaging  method.  Finally 
the  reacting  flow  model  requires  a  means  of  providing  the  time  average  source  terms  present 
in  species  and  enthalpy  equations.  As  is  well  known,  when  the  flow  is  turbulent  the  source 
terms  due  to  chemical  reaction  cannot  be  determined  using  the  Arrhenius  rate  equations  alone- 
The  present  work  employs  an  eddy  dissipation  model  based  on  the  method  of  Magnussen  and 
Hjertager  l  5  ) .  A  two  step  reaction  mechanism  has  been  modelled 
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Reaction  rates  for  the  two  steps  were  determined  by 
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A  is  a  model  constant  and  the  subscript  'kinetic'  denotes  the  rates  determined  by  the 
Arrhenius  equations.  S,  and  S  are  the  stoichiometric  oxidant  :  .fuel  mass  ratios  for 
the  combustion  reactions':  Thesenave  been  included  in  order  to  account  for  the  fact 
that  the  two  reactions  are  simultaneously  competing  for  available  oxygen.  The  operator 
[I  ...  I]  takes  the  smaller  of  the  terms  within  and  allow:,  combustion  to  be  controlled 
by:  the  Arrhenius  formula;  the  dissipation  of  oxygen  containing  eddies  or  the  dissipation 
of  fuel  eddies.  Once  the  rates  R-  and  R  are  known,  the  required  source  terms  are 
determined  from  knowledge  of  Btoicniometr§cand  the  heat  of  combustion. 

2 .  THE  DROPLET  PHASE  MODEL 


Tiit:  Lag Luugiua  formulation  employed  here*  has  the  advantage  over  other  methods  of 
being  grid  independent  and  not  requiring  solution  in  regions  where  all  the  droplets 
have  evaporated.  The  fuel  spray  is  simulated  by  a  statistically  representative  ensemble 
of  droplets.  These  are  given  a  range  of  discrete  injection  velocities  and  sizes  to 
represent  the  distributions  produced  by  the  atomizer.  Lagranglar.  equations  are  then 
solved  for  droplet  motion,  droplet  heating  and  evaporation.  In  simulating  droplet  motion 
only  the  drag  force  acting  on  the  droplet  is  considered,  effects  of  droplet  -  droplet 
Interaction  are  neglected.  The  equation  for  droplet  .notion  is  then 
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uld  clen'jteE  t*ie  component  of  droplet  velocity,  D,  is  the  droplet  diameter  and  Is  its 
density.  The  droplet  Reynolds  number.  Re,  ig  defined 
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and  Cq  is  a  Reynolds  number  dependent  drag  coefficient.  is  assumed  to  be  that  for  a 

solid  sphere  and  is  obtained  for  the  appropriate  Reynolds  number  using  the  correlations 
of  Morsi  and  Alexander  [  9  I .  The  instantaneous  dropl-at  location  is  computed  by 
integration  of  the  equation 
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dt 
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To  account  for  the  effect  of  turbulence  on  the  trajectory  of  a  droplet  a  stochastic 
technique  is  used.  This  employs  simulation  with  random  numbers.  Many  trials  must  be 
performed  for  each  droplet,  so  that  the  time  averaged  effect  of  turbulence  can  be 
simulated.  At  each  trial  the  instantaneous  gas  velocity,  u . ,  is  constructed  from  the 
time  mean  and  fluctuating  components,  u,  and  uj .  It  is^assumed  that  the  fluctuating 
velocity  prevails  for  a  time  period  enual  to  the  lifetime  of  the  fluid  eddy  which  the 
particle  is  traversing.  This  is  expressed  in  terms  of  the  local  kinetic  energy  of 
turbulence  and  its  dissipation  rate,  Hinze  l  10  J. 

0.75 

T  =  Cu _  k  (8) 
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The  magnitude  of  the  fluctuating  velocities  are  assumed  to  possess  a  Gaussian  distribution 
and  are  related  to  the  root  mean  fluctuations  by 

=  n(  u't2  )  1/2  ■=  ?<  2k/3  )  1/2  (9) 

where  n  is  a  Gaussian  distributed  random  variable.  Values  of  u.  derive  directly  from  the 
solution  of  the  gas  phase.  Equation  (7)  is  solved  and  at  the  eftd  of  each  time  period,  t, 
a  new  value  of  u'  is  generated.  The  simulation  is  stopped  when  a  particle;  evaporates, 
escapes  from  the  flow  field  or  impinges  on  a  wall.  The  next  trial  can  then  be  performed. 


In  the  modelling  of  droplet  evaporation  it  is  assumed  that  droplet  temperature  rises, 
as  a  result  of  convective  heat  transfer,  until  the  boiling  point  is  reached .  A  uniform 
temperature  within  the  droplet  and  a  single  boiling  point  are  assumed.  Heat  up  is  governed 
by  the  equation 
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which  is  due  to  Kanz  and  Marshall  [  11  J.  \  is  the  gas  thermal  conduct ivi ty .  T.  and  C  , 
are  droplet  temperature  and  specific  heat  respectively.  After  reaching  the  boiling  p 
point  evaporation  begins.  Fuel  vapour  is  distributed  to  the  gas  phase  along  the  particle 
trajectory  and  droplet  diameter  decreases.  Evaporation  is  described  by 
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which  is  taken  from  the  work  of  Wise  and  Agoston  I  12  ]. 


In  order  that  gas  and  liquid  phases  may  interact,,  droplet  source  terms  are  introduced 
into  the  gas  phase  equations.  These  account  for  fuel  species,  mass,  momentum  and  enthalpy 
fAuiianyc  between  the  phases.  On  completing  the  droplet  simulation  the  source  terms  ate 
updated.  For  example  the  mass  source  term  is  computed,  for  each  droplet  and  each  finite 
difference  cell,  as 


m  denotes  the  initial  droplet  mass  while  subscripts  in  and  out  denote  values  at  entry  and 
exit  from  the  computational  cell.  A  is  the  fuel  mass  flow  rate  associated  with  a  droplet 
and  N  is  the  number  of  trials  in  the  stochastic  simulation.  Gas  and  droplet  simulations 
may  be  performed  alternately  until  a  converged  solution  is  obtained.  The  simulation 
procedure  is  summarised  in  figure  1 . 
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3.  MODEL  FOR  THE  PREDICTION  OF  RESIDENCE  TIME  DISTRIBUTION  (RTP) 

Knowledge  of  the  different  life  times  for  which  fluid  exists  inside  a  comnustion 
chamber,  is  a  useful  diagnostic  tool  as  well  as  a  means  of  model  validation.  The  LTD 
may  be  determined  from  a  calculated  3 -dimensional  flow  field,  by  simulating  the 
injection  of  a  tracer  gas  pulse  at  a  suitable  inlet  and  by  applying  equation  (1?)  c: 
compute  the  normalised  response. 

E(t)  =  —  -  (12) 

1  citldt 
0 

Where  E  is  the  residence  time  distribution  and  C  is  the  tracer  gas  exit  concentration- 
Modelling  can  be  achieved  using  a  finite  difference  procedure  and  solving  the  time 
dependent  equation  for  conservation  of  a  passive  scaler.  However  the  code  used  in  the 
present  study  is  formulated  for  the  solution  of  steady  state  problems.  Furthermore#  in 
determining  an  RTD,  solution  at  all  points  in  the  flow  field  is  not  necessary,  value?  of 
concentration  only  being  required  at  the  combustor  exit  piano.  A  Lagrangian  method 
employing  stochastic  particle  tracking  is  therefore  most  convenient  . 

It  Is  possible  to  represent  a  diffusion  process  by  a  stochastic  differential 
equation  of  the  following  form 

2 

xpt.JitJ-xpt)  =  D^xit] ,  t)£t*  |a<X(t)  ,t)  J2  pi(t.*St)-wi(t)^]  (13) 


in  the  limit  as  — ►  0.  where  X  (t)  represents  a  position  vector  at  time  t,  W.  (t)  4- 

a  standard  Wienei  process,  D,  and  B  are  specified  functions,  known  respectively  as  the 
coefficients  of  drift  and  diffusion.  X  then  describes  the  motion  of  a  computational 
particle  through  space.  If  many  of  these  particles  exist  at  a  point  X.(0)  at  time  t  =  0 
then  the  distribution  of  particle  concentration#  <J>  at  some  time  t  >  0  obeys  the  equation 


at 


(14) 


The  Wiener  process  employed  in  the  above  theory  can  be  considered  to  be  made  up  of 
discrete  time  steps,  ot#  in  the  limit  as  ot  - *■  0. 

n 

1/2 

w.  <t  )  =  3t  L.  T,  (15) 

1  n  1  =  1 

where  =  n#t  and  rij  denotes  a  set  of  independent  standardised  random  variables. 

(  1=1#  . n  >.  This  concept  is  employed  in  the  numberical  solution. 

In  a  similar  manner  to  the  droplet  model,  equations  13  and  15  can  tie  employed  to 
produce  a  particle  trajectory.  The  procedure  is 

1)  Select  Initial  particle  coordinates#  X^f  and  a  suitably  small  time  step  &t- 

2)  Obtain  k,  c#  u.  ar.d  the  gradient  of  diffusivity  from  the  finite  difference  solution 
of  the  gas  phase  and  use  these  Lo  calculate  the  appropriate  and  B. 

3)  Compute  the  new  particle  coordinates  after  the  time  interval  &t . 

Xj—  XA  +  D^t  *  B1/2it1/Zn  (lb) 

where  n  is  obtained  from  a  Gaussian  distribution  random  number  generator- 

4)  Repeat  from  step  2)  to  produce  the  particle  path. 


To  obtain  a  residence  time  distribution,  an  injection  point  is  selected  and  many  particle 
trajectories  are  generated.  The  time  required  for  each  computational  particle  to  travel 
from  injection  point  to  combustor  exit  is  recorded.  This  data  is  then  used  to  construct 
the  cumulative  distribution  function,  F(t) .  F(t)  is  defined  as  the  fraction  of  material 
in  the  exit  stream  with  residence  time  .less  than  t.  It  13  related  to  the  residence  time 
distribution  function  by 


t 

F  (t )  =  /  Eft)dt 
0 


(17) 


1 


The  STD  may  he  obtained  by  curve  fitting  Fit)  and  differentiating.  For  the  latter,  e 
least  squares  cubic  spline  fit  has  proved  satisfactory. 

4 .  THE  COMBUSTION  CHAMBERS  AND  EXPERIMENTAL  MEASUREMENTS 

The  combustor  can  employed  in  this  work  is  shown  in  figure  2.  It  is  a  Lycoming 
experiment a 1  burner  on  which  a  number  of  previous  studies  have  been  performed.  For 
example  [  13,  14  ].  As  can  be  seen,  the  burner  posiesses  a  single  centrally  located 
pressure  jet  fuel  atomizer,  a  primary  swirler  ana  3  sets  of  injection  holes.  Experimental 
studies  have  involved  fuelling  the  can  with  kerosene  and  operating  with  atmospheric 
discharge.  Temperature  profiles,  at  the  exit  ana  within  the  combustor,  have  been  measured 
using  unshielded  platirun  -  platinum  rhodium  thermocouples.  Exit  velocity  measurements 
using  unccoled  pitot  probes,  have  also  been  performed. 

The  annular  chamber  used  in  the  present  work  is  an  FI 01  main  burner.  Figure  3  shows 
a  section  through  the  combustion  chamber  and  figure  4  shows  details  of  one  of  its  20 
primary  zone  swir .  assemblies.  The  entering  air  flow  supplies  the  dome  and  two  combustor 
passages.  Part  of  the  dome  flow  enters  the  combustion  zone  through  the  two  stsge  counter 
rotating  swirlers.  Further  air  provides  impingement  cooling  of  the  splash  plate  and  hot 
side  film  cooling.  Part  of  the  flow  diverted  to  the  liners  is  employed  as  film  cooling 
and  the  remaindei  enters  through  sets  of  injection  holes.  For  this  geometry  experimental 
measurements  have  bean  made  using  a  3  sector  (S4  degree)  test  rig.  Studies  have  been 
performed  for  isothermal  flow  in  the  combustor  and  with  the  con>bustor  fuelled  on  propane 
gas.  All  tests  have  been  performed  at  atmospheric  pressure.  No  data  has  yet  been  obtained 
for  the  liquid  fuel  system.  In  the  isothermal  flow  study.-  residence  tiue  distributions 
were  measured  by  injecting  pulses  of  mercury  vapour  into  the  chamber .  Exit  concentration 
was  then  measured  using  the  vapour's  ability  to  absorb  ultra  violet  light.  By  repeating 
the  experiment  many  times,  time  average  responses  were  obtained.  Equation  12  could  then 
be  used  to  compute  RTD's.  The  results  in  this  form  are  independent  of  the  actual  size  of 
the  tracer  pulse  and  are  suitable  for  comparison  with  model  prediction.  The  experimental 
apparatus  is  illustrated  in  figure  5.  The  probe,  figure  5  (a) ,  is  suitably  positioned  in 
the  combustor  and  an  electric  spark  is  passed  across  its  two  reicury  amalgam  eleclrcdes  to 
generate  the  vapour  pulse.  A  photomultiplier  detects  absorption  of  ultraviolet  light  at 
the  combustor  exit  and  a  micro  computer  is  employed  to  log  the  data.  Further  experimental 
details  can  be  found  in  the  publications  of  Topps  [  7  )  and  Ewan  et  al  [  8  j  .  For  the 
reacting  flow  studies,  thermocouple  and  gas  sampling  probes  were  again  used  to  obtain 
internal  and  combustor  exit  profiles. 

5 .  NUMERICAL  SOLUTION 

For  solution  of  the  gas  phase  equations,  the  SIMPLE  algorithm  ana  hybrid  differencing, 
[  IS  ],  were  employed.  In  solving  the  Lycoming  combustor  problem  a  cylii.drical  polar 
coordinate  system  was  used.  30  grid  nodes  were  used  in  the  axiul  direction  together  with 
16  and  7  nodes  in  the  radial  and  angr?ar  directions  respectively.  Symmetry  allowed 
modelling  to  be  confined  to  a  single  60  degree  sector  of  the  chamocr,  <  his  being  bounded 
in  the  angular  direction  by  planes  of  cyclic  symmetry.  It  was  necessary  to  model  the 
conical  primary  zone  wall  by  10  steps  in  the  grid.  The  fuel  spray  was  modelled  with  10 
discrete  droplet  sizes.  10  discrete  angles  of  injection  represented  the  holler  cone  spray. 

In  the  case  of  the  annular  combustor,  a  cylindrical  polar  coordinate  system  was  again 
employed.  Modelling  used  two  separate  flow  fields.  For  the  primary  zone  swirler  assembly 
a  cylindrical  field  was  employed,  with  18,  16  and  38  cells  in  the  axial,  radial  and  angular 
directions  respectively.  A  separrte  annular  field  modelled  the  main  body  of  the  ch  U-i' , 
symmetry  alleging  the  solution  to  be  confined  to  a  single  18  ueyree  combustor  seetc".  This 
second  flow  field  used  42,  35  and  23  grid  nodes  in  the  axial,  radial  and  angular  directions 
respectively.  The  computer  code  allowed  the  two  flow  fields  to  be  treated  in  turn  by  the 
solution  algorithm.  However,  since  the  swirling  flow  causes  rec Lrculation  into  the  primary 
2one  swiil  cup,  it  was  necessary  to  completely  couple  the  two  solutions.  This  was  achieved 
by  repeatedly  solvi:  g  the  two  flow  fields  and  transferring  boundary  conditions  between  the 
two.  The  approach  is  illustrated  in  figure  6.  For  this  problem  the  curved  liner  surfaces 
were  modelled  by  the  use  of  a  stepped  wall  approximation. 

6 .  RESULTS 


Figure  7  shows  predicted  velocity  vectors  for  reacting  flow  In  the  Lycoming  combustor. 
Theae  are  for  a  slice  in  the  plane  of  the  injection  holes.  Strong  recirculation  in  the 
primary  zone  and  steep  penetration  of  the  entering  air  jets  can  be  seen.  Figure  8  (a) 
compares  predicted  and  measured  exit  temperatures  and  figure  8  (b)  compares  exit  velocity 
profiles.  Use  of  either  a  single  or  two  step  kinetic  mechanism  with  the  Magnussen 
combustion  model  was  found  to  have  a  negligible  effect  on  these  predicted  exit  profiles. 

All  predictions  in  the  Lycoming  combustor  v/ere  made  uginq  th »  ASM  turbulpnrp  This 

was  Been  to  perform  satisfactorily  in  the  reacting  flow  but  gave  little  improvement  over 


k  -  c  model  predictions  for  this  case  [  14  ].  Figure  9  shows  the  predicted  mean 
trajectories  of  fuel  droplets  in  the  combustor  can.  The  greatest  proportion  of  fuel  is 
seen  to  evaporate  within  the  primary  zone.  However  the  largest  droplets  penetrate  to  the 
coirtbustor  walls  where  they  impinge.  It  can  be  seen  from  the  contour  plots  in  figure  9, 
that  t.he  entering  fuel  spray  imparts  momentum  to  the  qas  In  the  primary  zone  and  influences 
the  flow  T'ela  here.  The  time  histories  of  typical  drops  are  shown  in  figure  10.  The 
model  predicts  that  there  is  significant  influence  of  turbulence  on  the  trajectories  of 
the  smallest  droplets,  and  this  will  in  turn  Influence  fuel  distribution  in  the  combustion 
zone.  'Die  effect  is  illustrated  by  the  predicted  trajectories  in  figure  11. 
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rredi.cti.one  for  the  annular  combustor  have,  to  date,  been  performed  using  the 
k  -  »•  turbulence  moc.el  in  Isothermal  and  reacting  flows.  Measured  residence  time 
distributions  for  the  annular  combustion  chamber  are  presented  in  figure  12.  These  are 
compared  with  predictions  of  the  Lagrangian  model  described  in  section  3.  Thu  latter 
was  used  as  a  post  processor  after  computation  of  the  conibuBtor  flow  field.  Good 
agreement  between  prediction  and  measurement  is  obtained  for  tracer  released  into  the 
dilution  zone.  For  tracer  released  into  the  primary  zone,  the  major  features  ol  the 
distribution  are  also  reproduced.  However  there  is  some  over  prediction  of  the  rate  at 
which  the  concentration  pulse  decays.  This  suggest**  an  under  prediction  of  the  effective 
primary  zone  volume,  a  result  which  may  be  attributed  to  using  the  k  -  t  model  in  this 
strongly  swirling  flow.  Figure  13  shows  reacting  flow  velocity  vectors  at  two  axial 
locations.  The  interaction  of  the  entering  air  jets  and  the  asymmetry  induced  by  swirl, 
arc  clearly  visible.  Further  visualisation  of  the  flow  field  lias  been  achieved  by 
simulating  fluid  particles  which  follow  the  flow.  These  are  shown  for  reacting  and 
isothermal  cases  in  figure  14.  In  the  reacting  flow  velocities  are  increased  and  jot 
penetration  is  seen  to  be  reduced.  Predicted  temperature  contours  for  the  reacting  case 
are  shown  in  figure  15.  These  are  at  a  plane  through  the  centre  of  the  18  degree  sector. 
Predicted  and  measured  temperatures  are  compared  in  figure  16.  Predicted  and  measured 
gas  compositions  appear  in  figure  17.  Modelling  results  are  generally  in  good  agreement 
with  measurement.  Discrepancies  at  the  exit  plane  may  be  attributed  to  the  stepped  wall 
approximation  for  the  inner  liner  surface. 

7.  CONCLUSION 

*  A  code,  suitable  for  use  with  arbitary  geometries  in  cylindrical  or  polar  coordinates, 
has  been  applied  to  the  modelling  of  a  can  and  an  annular  combustion  chamber.  A 
technique  for  the  coupling  together  of  finite  difference  grids  has  made  possible  the 
modelling  of  a  difficult  primary  zone  geometry. 

*  A  detailed  spray  model  has  been  presented  for  liquid  fuelled  systems.  This  includes 
the  Influence  of  turbulence  on  fuel  droplet  trajectory,  an  effect  which  appears' 
significant  in  some  cases. 

*  A  two  step  kinetic  scheme,  together  with  a  Magnt ssen  type  model  for  deter  mini  r.g 
reaction  rate,  has  been  able  to  give  some  indication  of  pollutant  formation  inside 
the  combustors . 

*  An  algebraic  stress  turbulence  model  has  proved  satisfactory  for  combustor  simulation. 
However,  further  study  is  required  in  order  to  demonstrate  any  real  advantage  over  two 
equation  models  in  reacting  flows  of  the  type  studied  here. 

*  The  measurement  and  simulation  of  residence  time  distributions  has  proved  helpful  in 
model  validation,  ihe  technique  will  be  especially  useful  in  complicated  geometries 
where  direct  measurements  of  velocity  and  turbulence  levels  can  be  difficult  to  obtain 
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APPENDIX  A.  EQUATIONS  OP  THE  GAS  PHASE  MODEL 
Conservation  of  mass 
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(Modelling  coefficients  take  t he  values 
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Algebraic  relationships  for  the  Reynolds  stresses 


<A6) 


'Pii  -  3^13 


(A7) 


1 


<A0) 


27-‘* 


I 


P 


id 


k 


Sxk 


P  -  1/2  P±i 

(C  and  C  are  model  constants  given,  the  values  0.55  and  2 


appendix  b.  equations  for  gas  phase  reacting  flow 

Equation  for  the  conseivation  of  Enthalpy 
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FIGURE  1.  ALGORITHM  FOR  THE  DROPLET  MODEL, 


FIGURE  2.  THE  LYCOMING  COMBUSTOR  CAN. 


FIGURE  4  THE  PRIMARY  ZONE  SWIRl  ASSEMBLY. 
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THE  EFFECT  OF  TURBULENCE  ON 

FIGURE  10  TVPICAL  DROPLET  TIME  HISTORIES.  45  MICRON  DROPLETS. 


FOR  ISOTHERMAL  FLOW  IN  THE  ANNULAR  COMBUSTOR. 


TRACER  PLUMES  FOR  ISOTHERMAL  TLOW 
IN  THE  ANNULAR  COMBUSTOR. 


FIGURE  M  (B) 

TRACER  PLUMES  FOR  REACTING  FLOW 
III  THE  ANNULAR  COMBUSTOR. 


FIGURE  15  PREDICTED  TEMPERA! URE  IN  THE  ANNULAR  COMBUSTOR, 
(  KELVIN  ) 


FIGURE  16  PREDICTED  AND  MEASURED  TEMPERATURE5  IN  THE  ANNUIUIR  COMBUSTOR.  <  K  > 
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DISCUSSION 


J.McOuirk,  UK 

I  understand  from  the  equations  in  your  paper  that  you  evaluate  the  mean  density  fioni  the  gas  law  using  the  mean 
temperature.  This  means  that  you  are  ignoring  density  fluctuations:  in  the  primary  zone  where  the  flueuialionx  are  large 
and  the  density /temperature  relationship  non -linear,  this  can  lead  to  errors  of  up  toy  factor  of  two.  so  if  you  are  getting  the 
right  answers,  it  will  he  for  the  wrong  reason. 

You  use  a  mixing  limited  two-step  reaction  scheme  —  do  you  know  at  how  many  points  you  are  mixing  rate  limited  and  at 
how  many  you  use  a  kinetic  expression! 

Author’s  Reply 

(l)Thc  transport  equations  employed  are  essentially  density  weighted  in  form  and  density  weighted  quantities  are 
predicted.  Yes.  densities  are  computed  fiom  mean  temperature  This  is  a  modelling  assumption  which  we  have  found 
satisfactory  in  a  wide  range  of  combustion  applications.  To  directly  include  tcmeraturc  fluctuations  requires  additional 
modelling  assumption.*;  which  have  their  own  uncertainties.  (2)  Most  heat  release  is  confined  to  a  small  region  in  the 
primary  zone  and  here  the  reaction  is  almost  mixing  eoatiolled. 


B.Noll,  GE 

(!)  Mow  many  droplet  trajectories  did  you  calculate  to  achieve  a  stationary  solution  (in  a  statistical  sense)  for  the  fuel 
propagation- 

(2)  Which  convergence  criterion  do  you  use  to  stop  the  iteration  procedure  which  accounts  for  droplct/gas  phu.se- 
i  met  act  ion  7 

(3)  Mow  many  "outer"  iterations  were  ncccssai  y  to  achieve  overall  convergence? 

Author's  Reply 

(I)  lire  spray  in  the  rill  degree  combustor  sector  was  represented  by  100  droplets  with  discrete  injection  angles  and 
diameters.  Fifty  trials  of  these  droplets  were  performed  in  the  stochastic  simulation.  (2)  The  i  esidtials  employed  to  test  for 
convergence  are  those  for  the  gas  phase  equations.  Since  the  two  phase .  .ire  coupled  this  automatically  ensures  correct 
results  for  the  disperse  phase.  (3)  Twenty  iterations  of  the  gas  phase  ealcula. •'.'*»  we»  e  performed  between  each  dmplet 
simulation.  At  the  present  lime  no  attempt  has  been  made  to  optimize  this  solution  parameter. 


J.B.Moss,  UK 

The  level  of  agreement  between  prediction  and  -‘xpenment  for  scalar  proper  ties  ((  O  and  temperature)  obtained  with  the 
Magnussen-adapted  eddy  break  up  model  is  impressive  (even  for  the  exit  plane)  but  surprising  given  its  limited  physical 
and  chemical  jintcnt.  The  two-step  chemistry  (which  is:  "laminar”?}  is  large l>  cosiuene  since  it  can  operate  over  only  a 
restricted  11#»w  regime  in  the  combustor.  I  assume.  Are  the  model  parameters  generally  applicable  or  .specific  to  the 
application?  What  values  are  assumed  for  A 1 .  A2.  Rfu  kinetic  Rco  kinetic? 

Author's  Reply 

Tire  constants  A 1  and  A2  are  given  the  value  0.4.  Rfu  kinetic  etc.  are  obtained  from  an  Arrhenius  expression.  Since  the 
operator  (  1 — 1|  lakes  the  smallest  of  the  terms  within,  the  two  step  model  does  operate  in  the  turbulent  regime.  Constants 
were  tak.iii  from  the  literature  and  no  attempt  was  made  to  adjust  or  tune  these. 

FinaMy.  I  think  that  the  reason  for  so  many  workers  obtaining  satisfactory  results  when  using  combustion  models  of  the 
eddy  dissipation  type,  stems  from  the  fact  that  combustor,  and  therefore  heat  release,  is  restricted  to  a  narrow  region  in  the 
primary  zone.  The  fine  details  of  the  processes  occurring  here  are  therefore  not  important  in  determination  of  the  overall 
combustor  flow  field. 

Modelling  issues  w  ith  perceived  higher  risk  in  providing  a  significant  payoff  are  deferred  to  future  activities.  Our  thinking 
here  is  to  let  these  concepts  evolve  within  the  University  environment.  We  would  then  be  in  a  position  to  easily  implement 
them  into  our  model- 
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ON  THE  APPLICATION  OF  FINITE-DIFFERENCE  TECHNIQUES  FOR  THE  COMPUTATION  OF 
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SUMMARY 

A  finite-volume  method  is  presented  for  solving  the  time-averaged  two-dimensional 
Navier-Stokes  equations  In  non-orthogonal  curvilinear  coordinates.  In  contrast  to  most 
existing  codes,  a  non-staggered  grid  is  employed  for  the  discretization  of  the  mom on turn 
equations  avoiding  the  onset  of  pressure-  and  velocity  oscillations  by  additional  steps. 
In  a  first  step,  turbulent  transport  Is  taken  into  account  by  the  standard  k,  “model. 
As  a  test-case,  the  turbulent  flow  through  a  model  combustor  with  variable 
cross-sectional  area  and  dilution  air  Jens  is  considered.  The  results  of  the  computations 
are  compared  with  measurements  as  well  as  with  finite-difference  calculations  of  other 
available  codes  utilizing  orthogonal  coordinates  especially  adapted  for  this  geometry. 
The  advantages  of  the  new  non-orthogonal  approach  are  demonstrated.  It  is  shown  that 
the  proposed  mathematical  model  serves  as  a  powerful  tool  for  the  computation  of 
turbulent  separated  flows  in  ducts  with  complex  geometries  pertinent  to  modern  gas 
turbine  combustors,  especially  those  of  the  reverse-flow  type. 
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NOMENCLATURE 


coefficients  of  discretization  equation 
h  coefficient  of  discretization  equation 

13  boundary 

c  velocity 

Cj  constant  of  turbulence  model 

du  coefficient  of  correction  equation  for  U 

Ds  additional  diffusion  source-term 

volumetric  production  rate  of  turbulent  kinetic  energy 
h  enthalpy 

H  duct  height 

J  Jacobian 

J  momentum  fJux  ratio 

k  turbulent  kinetic  energy 

1  distance  between  Injection  slot  and  slope 

p  pressure 

Pe  Peclet  number 

Pr  Prandtl  number 

qi  geometric  coefficient  of  transport  equation 

Ke  Reynolds  number 

5  source-term 

u  velocity  component  In  x-direotion 

U  convective  term  normal  to  control -volume  interface  (4  -const) 

v  velocity  component  in  y-directlon 

V  convective  term  normal  to  control-volume  interface  (n'sconct) 

r  diffusion  coefficient 

t  dissipation  rate  of  k 

n  curvilinear  coordinate 

u  dynamic  viscosity 

4  curvilinear  coordinate 

p  density 

oj<  constant  of  turbulence  model 

oe  constant  of  turbulence  model 

$  dependent  variable 


Subscripts 

e  cell  interface 

E  eastern  grid-point  (or  boundary) 

eff  effective 

J  Jet 

n  northern  cell  interface 

N  northern  grid-point  (or  boundary) 

P  grid-point  under  considerat ion 

s  southern  cell  Interface 

S  southern  g Id-point  (or  boundary^ 


w 

wes tern 

cell  Interface 

W 

vestern 

grid-point 

(or 

boundary 

) 

X 

partial 

derivative 

with 

respect 

to 

y 

partial 

derivative 

with 

respect 

to 

C 

partial 

derivative 

with 

respect 

to 

i] 

partla 1 

derivative 

with 

respect 

to 

so 

inlet 

X- coordinate 
y- coordinate 
4-coordinate 
n- coordinate 
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Superscripts 

up  upwind  scheme 

HQ5  higcr-order  scheme 

*  estimated 

*  correction 
average 


INTRODUCTION 

The  continuing  lmprov  roent  of  the  thermal  efficiency  and  of  the  specific  thrust  In  modern 
Jet  engine  design  Is  directly  dependent,  on  the  rise  of  the  pressure  ratio  and  the  turbine 
inlet  temperature.  A3  a  consequence,  the  combustor  dimensions  are  reduced.  In  addition, 
even  with  higher  temperature  levels,  lower  pressure  losses  as  well  as  ccnplcte  combustion 
of  the  fuel  with  low  emissions  are  a  necessity,  furthermore,  velocity  profiles  which 
arc  matched  to  the  turbine  requirements  for  high  reliability  are  of  interest.  In 
predicting  the  performance  of  the  combustor,  a  fairly  accurate  knowledge  of  the  velocity 
within  the  combu3tor  is  required.  In  an  attempt  to  reduce  the  high  cost  for  a  detailed 
experimental  analysis  it  is  necessary  to  utilize  newly  developed  analytical  and  numerical 
tools  In  combination  with  available  correlations  In  the  design  process.  In  recent  years, 
various  numerical  codes  for  the  three-dimensional  description  of  the  flow  field  have 
been  developed.  Continuing  effort,  however,  ha3  to  be  addressee?  towards  relatively 
complex  geometries. 

Up  to  now  two-*  and  three-dimensional  finite  difference  schemes  fer  the  description  of 
the  turbulent  combustor  flow  have  been  used  at  the  Institute  for  Thermal  Turbomachinery 
employing  orthogonal,  i.e.  in  general  cartesian  or  cylindrical,  grids.  Relatively  simple 
geometries  such  as  the  flow  through  a  plane  duct  with  normal  injection  of  the  dilution 
air  [ij  or  the  swirling  flow  through  a  duct  with  constant  circular  cross-section  [2] 
can  be  described  with  these  codes.  However,  real  gas  turbine  combustors  deviate  more 
or  less  from  these  simple  geometries.  A  typical  example  is  the  re verse -flow  combustor 
of  a  small  helicopter  engine,  where  the  180  -bend  induces  considerable  influence  on 
the  velocity,  turbulence  and  temperature  field. 


Fig.  1:  Typical  reverse-flow  combustor 


Up  to  now,  in  using  orthogonal  grids  the  boundaries  of  a  complex  flow  field  had  to  be 
approximated  by  a  sequence  of  step3  (3,^J.  The  shortcomings  of  this  procedure  are 
obvious.  In  addition  to  the  fa^t  that  the  boundary  repr  sentation  is  insuff icient ,  it 
is  fairly  difficult  to  take  into  account  gradients  normal  to  the  wall.  In  addition, 
in  the  case  of  three-dimensional  flows  this  method  leads  to  a  highly  uneconomical 
utilization  of  storage  space.  In  arriving  at  a  high  accuracy,  the  grid  density  In  the 
area  of  the  steps  has  to  be  sufficiently  high  which  generally  leads  to  an  unnecessary 
high  number  of  grid-points  In  the  other  areas  resulting  in  excessive  computation  times. 
Ir  extreme  cases  such  as  shown  in  Fig.  1  it  is  almost  impossible  to  apply  a  conventional 
orthogonal  grid. 

In  the  present  study,  therefore,  a  new  finl te-difference  method  using  a  body  fitted 
curvilinear  &nd  generally  uon-orthogonal  grid  for  two-dimensional  turbulent  elliptic 
flova  hAs  been  derived  based  on  the  experiences  with  the  earlier  codes.  The  transport 
equations  in  the  physical  domain  are  solved  in  the  -space  discretized  by  an  equally 


spaced  cartesian  coordinate  system  (Pig.  2),  One  advantage  of  this  technique  is  that 
the  relatively  simple  d is ere  citation  of  partial  differential  equations  is  largely 
conserved . 


NLJOfx.y)]  ,  —  NL2[<N£.h)] 

Fig.  ?:  Physical  and  transformed  computational  domain 


It  can  be  seen  that  all  grid-points  are  considered  and  an  efficient  use  of  storage  space 
and  computational  time  is  possible.  Principally,  it  is  possible  to  increase  the  local 
density  of  the-  grid  in  areas  with  large  gradients  and  to  consider’  gradients  normal  to 
the  boundary.  In  selecting  appropriate  grid  distribution,  the  so-called  'numerical 
diffusion*  which  is  observed  with  oblique  flow  vectors  can  be  reduced. 

Obviously,  additional  effort  in  programming  is  rear  1 red  in  utilising  bu^y -fitted 
coordinates.  Cross-derivati ve  tu-.ms,  in  tne  t r<insfom:cd  differential  equations  arc  to 
oe  considered  and  generally  staggerd  grids  are  not  suitable  as  will  be  illustrated  later. 


GRID-GENERATION 

In  generating  an  appropriate  computational  grid  it  is  necessary  that  the  boundaries 
of  the  grid  with  that  of  the  flow  field  are  Identical.  As  will  bt  shown  later  It  is 
necessary  to  calculate  the  cartesian  x/y-coord Inates  for  each  point  £/r\  (see  Fig.  2). 
In  following  Thompson  et.  al.  l5]  the  cnrvl linear  coordinates  have  to  satisfy  the  Laplace 
equations  with  the  appropriate  boundary  conditions- 
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In  exchanging  the  dependent  and  independent  variables  a  new  system  of  ilirh'^'niiu] 
equations  is  obtained  which  leads  r n  «  curvilinear  urcnogor.al  grid.  Adding  additional 
terms  Oii  Liit*  rignl-hand  side  of  the  Laplace  equation  it  is  possible  to  achieve  a  locally 
denser  or  a  stretched  grid.  However,  the  orthogona lity  is  not  conserved  under  those 
conditions.  Thompson,  for  example,  used  this  principle  in  generating  a  grid  for  the 
flow  around  an  airfoil.  In  the  present  work  this  grid-generating  program  was  adapted 
to  Internal  flow  problems  by  changing  the  boundary  conditions. 

Computational  grids  which  are  produced  accordingly  -  i.e.  following  equation  (1)  - 
satisfy  similarly  to  the  potential  and  stream  function  of  a  potential  flow  the  Laplace 
equation,  i.e.  stream  lines  and  potentials  are  identical  with  the  lines  n  =  const,  and 
£  =  const,  of  the  grid.  An  oblique  flow  with  respect  to  the  control-volume  interfaces 
is  avoided  in  domains  with  potential  flow  character  and  thus  the  numerical  diffusion 
Is  minimized.  However,  this  technique  which  requires  the  solution  of  a  non-linear 
dif ferent lal  system  for  the  grid-generation  Is  relatively  cumbersome.  For  practical 
considerations ,  it  is  relatively  difficult  to  position  the  grid-lines  to  predetermined 
measurement  planes  despite  the  possibilities  of  increasing  their  local  density  or  in 
stretching  the  lines.  Generally  a  sequence  of  iterative  steps  is  necessary. 


2M-4 


Another  possibility  for  generating  body  oriented  computational  grid3  which  is  much 
simpler  l3  to  predetermine  grid-lines  of  twc  boundaries  such  as  Dn(  n  ■  and  Bs 
(  n  s  1),  to  connect  the  boundary  lines  using  straight  lines  C  c  *  constant)  and  'o  define 
the  grid-spacing  analytically  f  6 ] .  It  is  obvious,  that  this  method  allows  for  a  rapid 
grid-generation.  The  resultin',  grids,  however,  show  -  under  certain  conditions  -  strongly 
non-orthogonal  regimes.  This  is  to  be  taken  into  account  in  the  transf ormat ion  of  the 
transport  equations.  Fig-  3  illustrates  various  gri  -g  for  the  calculation  of  the  flow 
through  a  reverse-type  combustor  which  were  generated  with  Uio  techniques  described 
hero-  Fig.  3d  especially  shows  the  grid-geometry  for  the  ca:.-  of  rotational  symmetry. 


, . 
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a)  Uniform  Grid 

b)  Contracted  Grid 

c)  Grid  G«n«rot#d  t. 
M*an*  a#  Part'ol 
Differential  Equation* 

d)  AKisymmttricat  Grid 


Fig.  3:  Computational  grids  -  reverse-flow  combustor 


TRANSFORMATION  OF  THE  TRANSPORT  EQUATIONS  TO  A  CURVILINEAR  CuCRDlNATF  SYSTEM 

lr.  cartesian  coordinates  the  partial  differential  equation  of  a  general  transport 
property  can  be  formulated  in  the  usual  way: 


&“*“*♦>  *  &<•*»*♦>  -  &r|J>  *  &'iP  4  5<'-^ 


3x  0  y 

convection 


9xv  a.v 

diffusion 


(A) 


+  source-term 


All  terms  which  arise  in  addition  to  convection  and  diffusion  are  grouped  in  the 
source-term.  The  partial  differentials  of  equation  (2)  can  be  replaced  by  derivatives 
of  the  new  coordinates  £  and  n  15].  A  new  transport  equation  is  the  result  which  can 
be  grouped  in  analogy  to  equation  (2)  in  a  convection-,  a  diffusion-  and  a  souree-torm. 


&<•*"•♦) 4  &'*»*♦> *  1*H  -  «2*!^  4  if: 

convection  e  diffusion 


-  I  -o 

]!  VYi  + 


Q3*f*)]  1  5u.n)*j 


<3e) 


+  source- term 
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(3b) 


"l 


(3c) 


<2  '  V*  +  Vn 
<>3-  *[*  4 


(3fl) 

(3o) 


U  =  u*y„  ‘  v*xn  ( 30 

\l  »  vx^  -  u*yt  (3ft) 


The  terms  q|  and  J  which  are  observed  in  equation  (3)  are  determined  by  th»_>  geometrical 
derivatives  of  the  curvilinear  grid  In  the  cartesian  domain  x  ,  xn  ,  yn  .  is  a 
measure  for  the  orthogonality  of  the  grid  and  it  disappears  for  orthogonal  grids  and 
with  it  the  mixed  derivatives  of  the  diffusion  term  in  equation  (3).  The  importance 
of  the  geometrical  derivatives  and  of  the  velocities  u  and  v  is  Illustrated  in  l-’ig.  . 


V 


u 
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Fig.  Geometric  derivatives  and  velocity  components  at  the  control -volume  considered 


The  interface  area  of  a  control-volume  is  determined  by  the  geometric  derivatives  x£  , 
y^  and  ^  ,  yn  .  p*D  and  o*V  represent  the  convective  fluxes  across  the  respective 
interfaces  of  the  control -volume .  In  conserving  the  consistency  of  the  method,  the 
geometric  deriv:  tlves  are  directly  determined  from  the  grid-coord inates  by  a 
differentiation  t  the  first  order  and  not  by  differentiation  of  higher  order. 
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Table  1:  System  of  differential  equations 


Tab.  1  summarizes  the  diffusion  coefficients  and  source-terms  for  the  momentum  equations, 
the  energy  equation  and  the  equations  for  the  turbulence  parameters  of  the  k, e-model 
which  is  employed  for  the  closure  of  the  system  of  equations. 

As  can  be  seen  from  Tab.  1,  the  momentum  equations  for  the  velocity  components  of  the 
cartesian  coordinate  system  u  ( x-direction )  and  v  (y-direction)  are  solved  even  after 
the  transformation.  Other  authors  tend  to  formulate  the  momentum  equations  for  the 
covariant  velocity  components.  In  the  case  of  non-orthogonal  computational  grids, 
however,  the  momentum  equations  are  quite  complicated  and  the  discretization  becomes 
expensive.  These  techniques  generally  are,  therefore,  restricted  to  orthogonal  grids 
[7  ] . 


6ai*l 

x 

Fig.  5:  Typical  control-volume  for  curvilinear  coordinate  systems 
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The  differential  equation  is  transformed  into  a  difference  equation  by  integrating  over 
each  control-volume  (Fig.  5)  with  a?  =  An  =  1.  In  discretizing  the  diffusion-terms 
of  the  general  transport  equation,  the  so-called  central-difference  scheme  is  used. 
Here,  the  gradient  of  the  property  t  at  an  interface  of  the  control-volume  is  calculated 
directly  from  the  adjacent  grid-points.  It  should  be  noted  that  with  the  mixed 

derivatives  of  equation  (3)  the  vaiues  at  the  corners  of  the  control-volumes  are  required 
which  have  to  be  calculated  by  appropriate  interpolation  from  the  four  adjacent 
grid-points.  As  the  solution  of  the  system  of  equations  is  based  on  a  five-point 
difference-star  it  is  impossible  to  consider  these  terms  directly:  they  have  to  be 

accounted  for  by  additional  source-terms.  This  approach  reduces  the  convergence 

characteristics  of  the  method  and  additional  interpolation  errors  can  arise.  It, 

therefore,  is  advisable  to  employ  grids  which  have  only  slight  deviations  from  the 
orthogonality,  which,  however,  is  frequently  in  contrast  to  the  necessities  of  the  flow 
geometry. 

Considerable  difficulties  are  observed  with  the  discretization  of  the  convective  terms 
of  the  transport  equations.  Here,  the  transport  property  Itself  at  the  cell's  boundary 
is  required.  The  use  of  the  central-difference  scheme  for  Peclet  numbers  Pe  >  2  can 

result  in  an  instability  of  the  solution  procedure .  A  simple  alternative  is  found  in 

the  well-known  upwind  scheme.  Here,  the  transport  property  is  defined  at  the  cell 
boundary  using  that  of  the  upwind  positioned  grid-point.  This  scheme  is  quite  stable. 
Its  major  drawback,  however,  is  the  onset  of  numerical  diffusion. 

A  scheme  which  excludes  these  discretization  errors,  is  the  so-called  'QUICK  scheme' 
that  has  been  originally  proposed  by  Leonard  [8].  This  scheme  uses  two  grid-points 
upstream  and  one  downstream  for  interpolation  of  the  unknown  value  at  the  control  volume 
interface.  As  the  direct  incorporation  of  that  scheme  into  the  finite  difference 
procedure  can  lead  to  Instabilities  for  large  Peclet  numbers  (Pe  >  8/3)  similarly  to 
the  case  of  the  central-difference  scheme,  a  different  method  is  used,  which  has  been 

presented  by  Elbahar  [1]  and  improved  by  Noll  [2].  In  this  method,  commonly  known  as 

'flux-splitting  technique',  the  convective  terms  are  first  calculated  by  the  upwind 
scheme.  In  a  second  step,  the  difference  between  the  convective  fluxes  determined  by 
the  upwind  scheme  and  those  by  the  QUICK  scheme  are  added  to  the  source  term.  Using 
this  method,  it  is  also  possible  to  include  other  higher-order  disretlzation  schemes 
(HOS)  s.ioh  as  the  aforementioned  'central-difference  scheme'  or  the  so-called  'linear 
upwind  scheme'  without  strongly  affecting  the  stability  of  the  solution  procedure.  The 
convective  flux  at  the  e  (-eastern)  side  of  a  control  volume  under  consideration,  can 
then  generally  be  written  as 


(p*U**)jJ0S  *  (p*U*$)“pW  +  (p*U*a*)e 


(Ha) 


and  In  the  case  of  QUICK  being  the  higher-order  scr.’me  for  p*U  >  0 


A*e  -  Uw-*p)*fewp  +  (*E-*p)*feEp 


(Hb) 


((x  -xp)Z+(y  -yp)Z)*( (x  -x£)Z+(y  -yE)2)  ' 

'eWP  ’ 11  ((xw-xp)2+(yM-yp)2)*((vxE)2+^/) 


(He) 


eEP 


((X  -xw)2+(y  -yw)2)*((x  -xp)2+(y  -yp)2) 
((xE-xw)2+(yE-yw)2)*((xE-xp)2+(yE-yp)2) 


(Hd) 


Comparisons  of  calculations  employing  the  different  discretization  schemes  described 
(upwind,  linear  upwind,  central-difference  and  QUICK)  with  experimental  investigations 
of  typical  combustor  flows  show  that  the  best  agreement  between  measurement  and 
computation  Is  achieved  using  the  QUICK  scheme  [6,10,11J. 

On  discretizing  the  differential  equations,  the  value  of  the  general  transport  variable 
«  can  be  expressed  for  each  control  volume  by  the  values  of  the  four  adjacent  cells. 


’  Ve  +  Vw  +  Vn  +  as*s  +  b 

(5a) 

dE  +  aW  +  aN  +aS  +  Sp 

(5b) 

S*J*A£*An  +  Ds 

(5c) 

f(q2.J.r.*) 

(5d) 
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The  resulting  system  of  algebraic  equations  is  solved  In  this  program  by  a  line 
Gauss-Seidel  method  [9]. 

For  closure  of  the  system  of  equations  an  additional  equation  for  the  pressure  is  needed. 
In  the  code  presented  here,  Patankar's  'SIMPLE-algorlthm'  Is  used  mainly  in  evaluating 
the  pressure  by  an  estimated  pressure-distribution  and  a  'pressure  correction  equation'. 
Starting  with  an  approximation  p  of  the  correct  pressure  field  p  the  momentum  equations 
are  solved.  The  resulting  velocities  u*  and  v*  generally  do  not  satisfy  continuity. 
Therefore,  a  velocity  correction  u'  and  v',  respectively,  is  added  in  order  to  satisfy 
the  continuity  equation.  An  equation  similar  to  the  momentum  equations  can  be  derived 
for  the  velocity  correction  with  the  gradient  of  pressure  correction  being  the  source 
term.  Introducing  this  equation  into  the  discretized  continuity  equation,  an  equation 
for  the  pressure  correction  can  be  derived  which  is  mainly  determined  by  the  'mass-flux 
source  term' 


b  =  (pw*IJw  *  +  (ps*Vs  •  pn*Vn)’‘at  <6) 

The  calculated  corrections  are  subsequently  added  to  the  estimated  velocity  and  pressure 
fields,  respectively,  which  now  satisfy  both  the  momentum  equations  and  the  continuity 
equation. 

If  pressure  and  velocities  are  located  at  the  same  grid-points,  the  calculated  pressure 
field  and  velocity  field  can  show  strong  checkerboard  oscillations  although  a  converged 
solution  is  obtained.  This  is  caused  by  a  decoupling  of  pressure  and  velocity  in  the 
discretized  momentum  equations  where  the  pressure  gradient  at  a  considered  grid-point 
is  determined  only  by  the  values  at  the  adjacent  grid-points  and  not  by  the  pressure 
at  the  grid-point  itself.  As  a  remedy  in  the  case  of  cartesian  or  cylindrical  coordinate 
systems  Patankar  [9]  proposes  the  use  of  a  'staggered  grid'  shifting  the  control  volumes 
for  the  momentum  equations  by  a  half  grid  spacing  in  x-dlrectlon  and  y-direction  for 
u  and  v,  respectively.  This  leads  to  a  strong  coupling  of  pressure  and  velocity  because 
now  the  pressure  gradient  in  the  momentum  equations  is  determined  by  directly  adjacent 
grid-points.  Furthermore,  the  velocities  are  located  exactly  at  the  Interfaces  of  the 
control-volumes  for  the  pressure  correction  equation  where  they  are  needed  to  calculate 
the  mass-flux  source  term. 

Shyy  et.  al.  [12]  use  a  'staggered  grid’  in  their  finite  difference  method  on 
curvilinear  coordinate  systems  too.  In  this  case,  however,  the  control  volumes  for  the 
calculation  of  the  velocities  are  now  staggered  in  5 -direction  (for  u)  and  in  n-direction 
(for  v).  In  considering  the  mass-flux  source  term  of  the  pressure  correction  equation 
(6)  it  Is  obvious  (compare  Fig.  4 )  that  in  regions  where  lines  5  »  const  are  nearly 
perpendicular  to  the  x-directlon  or  lines  n  =  const  to  the  y-direction  the  staggered 
grid  will  not  lead  to  the  desired  effect.  The  convective  term  U  at  the  eastern  interface, 
for  example,  Is  exclusively  determined  by  the  cartesian  velocity  component  v  in 
y-direction  which  Is  only  known  at  the  northern  and  southern  cell  interface.  Similarly, 
the  pressure  source  term  In  the  momentum  equations  (see  Tab.  1)  is  no  longer  determined 
by  directly  adjacent  grid  points.  Therefore,  in  such  regimes  this  kind  of  staggered 
grid  Is  not  advantageous  as  oscillations  of  pressure  and  velocity  can  not  be  prevented. 

In  the  code  presented,  a  different  method  of  avoiding  the  onset  of  oscillations  is 
employed  which  was  proposed  first  by  Rhle  and  Chow  [13]  and  later  used  in  a  slightly 
modified  manner  by  Perlc  [14].  Here,  the  cartesian  velocity  components  in  x-  and 
y-direction  are  located  at  the  same  grid-points  as  the  pressure.  The  convective  terms 
U  and  V  at  the  cell  Interfaces  are  calculated  by  suitable  interpolation  of  the  cartesian 
velocities  at  the  grid-points.  Subsequently  the  averaged  values  of  the  convective  terms 
U  and  V  are  corrected  by  means  of  local  pressure  gradients,  c-.g.  for  the  eastern 
interface 
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This  procedure  was  found  to  be  quite  stable  and  up  to  now  oscillations  of  pressure  and 
velocity  have  been  successfully  suppressed.  Another  advantage  of  the  use  of  a 
'nonstaggered  grid'  is  that  the  complexities  of  the  program  are  reduced  as  the 
coefficients  have  to  be  evaluated  for  one  grid  only  and  not  for  three  different  grids 
as  is  the  cpse  for  a  'staggered  grid'. 


EXPERIMENTAL  VERIFICATION 

As  a  test  case  for  the  quality  of  the  newly  developed  finite  difference  code  on 
curvilinear  coordinate  systems  use  was  made  of  measurements  in  a  turbulent  flow  through 
a  plane  combustor  model  with  convergent  cross-section  and  normal  injection  of  dilution 
air. 


2H-9 


A  schematic  view  of  the  complete  experimental  facility  and  the  employed  data  acquisition 
system  Is  shown  In  Fig.  6.  Air  from  the  compressor  is  subdivided  into  the  primary  and 
the  mixing  jet  flow.  Adjustable  valves  and  standard  orifice  meters  facilitate  control 
and  volumetric  flow  measurements  within  the  duct3,  respectively.  Both,  the  primary  air 
and  the  secondary  air  flow  through  settling  chambers  fitted  with  turbulence  grids.  The 
primary  air  enters  the  test  section  of  300  mm  x  100  mm  cross-sectional  inlet  area  through 
a  nozzle  with  a  contraction  factor  of  20.8.  The  secondary  air  is  normally  Injected  by 
a  slot  in  the  bottom  wall  prior  to  a  slope  of  90  mm  length  and  1)3  mm  height  contracting 
the  flow  area  as  illustrated  in  Fig.  7.  At  six  discrete  measurement  planes  it  is  possible 
to  attach  a  probe  traversing  mechanism.  The  measurement  of  the  velocity  field  has  been 
done  by  means  of  a  calibrated  five-hole  probe  with  a  diameter  of  2.9  mm.  A  detailed 
description  of  that  miniature  probe  can  be  found  in  [2].  Computer  assisted  data 
acquisition  is  necessary  as  a  large  matrix  of  data  is  obtained  and  has  to  be  analyzed. 
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The  flow  through  the  described  combustor  model  has  been  calculated  with  the  newly 
developed  finite-difference  method  using  curvilinear  coordinates  as  well  as  with  the 
conventional  code  using  cartesian  coordinates  (s.  [3])-  Both  programme  employed  a  grid 
of  54  x  38  grid-points.  Fig.  8  illustrates  the  combustor-fitted  curvilinear  grid. 


Fig.  8:  Curvilinear  computational  grid 


The  cartesian  grid  discretizes  the  convergent  part  of  the  combustor  by  discrete 
orthogonal  steps.  Grid-points  located  at  the  lower  right  hand  side  are  skipped  and  not 


used  for  the  flow  calculation.  In  Fig.  9 
enlarged  for  both  computational  grids. 


this  part  of  the  model  combustor  is  shown 


Fig.  9:  Discretization  of  the  slope 


Fig.  10  shows  the  measured  velocity  distribution  along  the  model  combustor  for  a  momentum 
flux  ratio  J  =  03/0-  *  (vj/Uo,)2  of  20.5  for  an  axial  distance  1  between  Injection  slot 
and  beginning  of  the  slope  of  15  m. 


Fig.  10:  Measured  velocity  distribution 
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Although  the  flow  is  accelerated  In  the  convergent  section  of  the  duct  adjacent  to  the 
injection  slot,  an  extensive  recirculating  zone  can  be  observed.  The  calculated  velocity 
fields  (see  Pig.  11)  which  have  been  obtained  by  employing  the  finite-difference  program 
using  curvilinear  computational  grids  generally  show  the  same  characteristics.  However, 
the  two  numerical  results  differ  clearly:  In  using  the  QUICK  scheme  for  the 
discretization  of  the  convective  terms  in  the  momentum  equations,  the  depth  of 
penetration  of  the  dilution  air  is  slightly  increased  and  the  length  of  the  recirculating 
zone  is  enlarged. 


Fig.  11:  Calculated  flow  field 


On  comparing  measurement  and  calculations  for  several  discrete  measuring  planes  directly 
as  illustrated  in  Fig.  12,  the  results  obtained  are  quite  satisfactory. 


k 

l: 


J  =  Momentum  Flux  Ratio  (  20.5) 
u=  Velocity  -  Component  x-Directionlaxial) 
v=  Velocity  -  Component  y- Direction 
c„=  Mean  Velocity  ot  Inlet  (12.6 m/s) 
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Fig.  12:  Comparison  of  experimental  and  computational  results 
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The  best  agreement  with  the  experimental  data  is  achieved  for  both  numerical  methods 
using  cartesian  or  curvilinear  coordinates  in  the  case  of  utilizing  the  QUICK  scheme 
for  the  convective  terms.  As  should  be  noted,  the  new  finite  difference  code  leads  to 
even  slightly  better  results.  On  using  the  simpler  upwind  scheme,  the  steep  velocity 
gradients  are  smoothed  and  the  maximum  values  of  velocity  can  not  be  obtained.  This 
is  due  to  the  intensive  oblique  flow  with  respect  to  the  grid  within  the  recirculating 
zone  and  the  resulting  'false  diffusion'.  The  fictitious  better  agreement  in  predicting 
the  velocity  minimum  close  to  the  boundary  by  the  method  using  cartesian  coordinates 
is  caused  by  the  local  approximation  of  the  boundary.  At  the  position  x/H  =  0.3  the 
step  is  protruding  into  the  duct  for  a  certain  amount  (see  Fig.  9)  and  thus  the  velocity 
profile  is  shifted  upwards. 

The  comparison  of  the  finite-difference  method  using  curvilinear  coordinates  with 
measurements  and  with  conventional  finite-difference  methods  illustrates  that  the  newly 
developed  calculation  procedure  is  at  least  of  comparable  accuracy  for  relatively  simple 
flow  geometries.  However,  its  entire  potential  is  demonstrated  for  such  geometries  which 
can  not  be  considered  by  the  existing  methods  to  a  reasonable  expense.  As  an  example, 
the  flow  in  a  combustor  type  diffuser  with  centre-body  is  calculated  with  the  method 
presented  [15]  without  changing  the  program  source  code:  the  previously  generated 
body-fitted  computational  grid  had  to  be  read  in  and  the  appropriate  boundary  conditions 
had  to  be  defined. 


CALCULATION  OF  THE  FLOW  IN  A  REVERSE-FLOW  COMBUSTOR 

As  an  other  example  for  a  flow  which  can  not  be  calculated  by  other  existing  conventional 
finite-difference  methods,  the  calculation  of  the  flow  in  a  reverse-flow  combustor  of 
a  small  helicopter  engine  (see  Fig.  1)  is  presented. 

Fig.  13  shows  the  calculated  flowfield  within  the  axisymmetric  duct  for  a  Reynolds  number 
of  Re  =  1.3‘105.  The  computation  has  been  performed  for  a  computational  grid  consisting 
of  47  x  17  grid-points  with  the  grid-lines  beeing  contracted  towards  the  boundary  (see 
Fig.  3d). 


Fig.  13:  Calculated  velocity  field  in  the  180  deg.  bend  of  a  reverse-flow  combustor 


Due  to  the  decrease  of  the  duct  hight  in  flow  direction  in  combination  with  the 
decreasing  mean  radius  the  flow  is  strongly  accelerated  within  the  bend.  In  spite  of 
the  strong  curvature  of  the  Internal  duct  side,  a  separation  of  the  flow  at  the  bend 
exit  is  prevented  by  this  acceleration.  The  flow  in  the  bend  shows  potential  vortex 
character,  as  the  circumferential  velocity  increases  towards  the  Internal  side  (suction 
side)  of  the  duct  while  the  boundary  layers  are  quite  thin  due  to  the  acceleration  of 
the  flow.  At  the  bend  exit  the  maximum  of  the  velocity  is  shifted  in  direction  of  the 
external  duct  side  caused  by  centrifugal  forces. 


r. 
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Fig.  14:  Calculated  pressure  distribution 


Fig.  14  illustrates  the  calculated  pressure  field  pertinent  to  the  flow  field.  The 
Isobars  in  the  bend  show  the  typical  behaviour  of  a  potential  vortex  superposed  by  a 
flow  acceleration.  The  pressure  minimum  at  the  bend  exit  with  subsequent  increase  of 
pressure  due  to  the  local  flow  deceleration  is  obvious. 


CONCLUSIONS 

A  newly  developed  difference  scheme  for  the  calculation  of  two-dimensional  turbulent 
and  elliptic  combustor  flows  has  been  introduced  which  provides  the  discretization  of 
the  geometry  of  the  flow  field  by  body-fitted  curvilinear  grids.  These  grids  can  be 
generated  either  analytically  or  by  the  numerical  solution  of  elliptic  differential 
equations.  An  orthogonality  has  not  to  be  assumed.  The  transport  equations  to  be  solved 
are  transformed  appropriately  to  the  curvilinear  coordinate  system  generated.  As  the 
differential  equations  principally  do  not  change  their  character  during  the 
transformation  it  is  possible  to  apply  previously  derived  methods  of  discretization 
and  thus  can  be  solved.  In  discretizing  the  convective  terms  of  the  transformed  transport 
equations  the  relatively  simple  upwind  scheme  and  the  more  elaborate  QUICK  scheme  were 
employed.  It  was  found,  that  staggered  grids  did  not  exclude  oscillations  of  the 
calculated  pressure  and  velocity  field  for  all  flow  geometries.  A  non-staggered  grid, 
therefore,  was  employed.  Oscillations  of  the  solutions  were  avoided  using  a  correction 
of  the  convective  terms  along  the  boundaries  of  the  control-volumes  using  local  pressure 
gradients.  In  addition,  the  obvious  advantage  of  non-staggered  grids  is  the  resulting 
simplicity  of  the  program's  structure.  An  elaborate  check  of  the  reliability  of  the 
program  was  initiated.  The  comparison  with  calculations  using  a  conventional  cartesian 
grid  were  quite  favourable.  Furthermore,  measurements  in  a  combustor-type  flow  were 
conducted  for  validation.  In  demonstrating  the  capabilities  for  application  under  real 
conditions,  a  reverse-flow  combustor  of  complex  geometry  was  analysed. 
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SUMMARY 

The  indications  coming  from  fundamental  turbulence  research  have  been  incorporated 
in  combustor  modeling  without  a  systematic  analysis  of  their  effect  on  predictions.  In 
this  work  comparisons  are  presented  between  finite  rate  (overall)  kinetics  and  equilibrium 
in  their  influence  on  the  structure  of  the  recirculation  region  attached  to  a  disk  flame- 
holder.  The  effect  of  including  density  gradient  terms  in  the  k-epsilon  turbulence  model 
is  also  examined.  The  results  indicate  that  the  fluidynamic  field  may  determine  whether 
equilibrium  or  kinetics  produces  higher  temperatures,  and  that  the  temperature  difference 
predicted  with  the  two  approaches  tends  to  become  small  with  increasing  pressure.  The 
effect  of  introducing  density  gradients  has  a  moderate  effect  on  temperatures. 


LIST  OF  SYMBOLS 

a  air  inlet  annulus  thickness 

A  air 

0^  constants  in  turbulence  model 

D  combustor  can  diameter 

ER  equivalence  ratio 

F  fuel 

G  free  energy 

HC  hydrocarbon 

K  turbulence  kinetic  energy 

Kp  equilibrium  constant 

m  reaction  order 

n  reaction  order 

p  pressure 

R  universal  constant  of  gas 

RJ  ramjet 

SCRJ  supersonic  combustion  ramjet 
t  time 

T  temperature 

U  velocity 

V  velocity 

Yfc  mass  fraction  of  species  k 

e  rate  of  dissipation  of  turbulence  kinetic  energy 

Ut  turbulent  viscosity 

p  density 

turbulent  Prandtl/Schmidt  number 

Subscripts  and  superscripts 

max, min  maximum,  minimum 
ref  reference 

"  fluctuating  quantity 

Favre-averaged  mean  quantity 
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1.  INTRODUCTION 

Much  progress  in  gas  turbine  combustor  modeling  has  been  accomplished  in  recent 
years  /1-3 /,  mainly  by  appropriate  modeling  of  the  turbulence  phenomena  of  importance 
and  of  the  reactive  zone  structure.  Notwithstanding  its  shortcomings,  the  turbulent 
flowfield  is  described  in  most  works  by  the  k-epsilon  model;  however,  work  by  Jones  /M/ 
has  resulted  in  the  introduction  of  additional  terms  in  the  'standard'  equations  to 
account  for  density  changes  due  to  combustion.  Besides,  the  Favre-averaging  procedure  has 
won  wide  acceptance  over  the  more  traditional  time-averaging  in  writing  conservation 
equations  for  both  scalar  and  vectorial  quantities. 

At  the  moment  use  of  Favre-averaged  scalar  equations,  however,  is  dictated  more  by 
expediency  than  by  real  need:  in  fact,  LDV  measurements  of  velocity  components  are  indeed 
'Favre-averaged',  and  are  immediately  compared  to  predictions.  Scalars,  such  as  enthalpy 
or  species  mass  fractions  are  usually  obtained  from  CARS-type  measurements,  supplying  the 
time-averaged  value  of  the  quantities  /5/.  Mathematical  difficulties  in  dealing  with  two 
different  averaging  techniques  in  the  same  equation  are  still  severe,  and  no  solution  is 
in  sight  yet.  However,  Favre-averaging  is  in  many  respects  an  advancement.  The  structure 
of  the  reactive  zone  and  the  statistical  description  of  combustion  processes  has  been 
the  object  of  many  investigations  /6/.  Historically,  modeling  of  the  reactive  terms  has 
moved  from  global  or  semiglobal  time-  or  Favre-averaged  rate  equations  through  equili¬ 
brium  assumption,  to  flamelet  models  involving  PDF  (requiring  rather  time-consuming 
measurements  under  difficult  conditions  /2,7/. 

The  combustor  modeling  community  has  followed  all  these  developments  trying  to  in¬ 
corporate  them  in  its  computer  codes;  the  speed  of  change  has  been  rather  fast,  however, 
and  often  there  has  not  been  the  time  to  sit  back  and  evaluate  the  many  suggestions  and 
novelties  coming  from  the  fundamental  research.  In  particular,  there  has  not  been  yet  a 
consistent  evaluation/comparison  of  the  different  approaches  available;  some  papers  have 
used  the  'standard'  TEACH  code  for  the  turbulent  flowfield,  adding  a  mixed  global/equi¬ 
librium  kinetics  to  it  / 8 / j  other  works  have  accounted  for  density  gradients  in  the 
k-epsilon  equations  while  using  global  kinetics  to  describe  combustion  /9,10/.  It  is  of 
interest  therefore  to  try  to  assess  in  a  systematic  way  the  effects  of  these  modeling 
choices  on  the  results,  and  to  compare  them  with  available  combustor  measurements. 

The  purpose  of  this  paper  is  twofold:  to  compare  predictions  obtained  using  global 
kinetics  for  the  fuel/air  reaction  and  equilibrium  assumption,  and  to  compare  predictions 
obtained  with  the  'standard'  k-epsilon  turbulence  model  and  that  including  density  and 
pressure  gradient  terms.  To  uncouple  the  problem  from  the  particular  combustor  design,  a 
basic  geometry  was  chosen,  consisting  of  a  disk  flameholder  in  a  cylindrical  can.  This  is 
the  simplest  possible  geometry  that  is  still  capable  of  generating  intense  turbulent  re¬ 
circulation. 

Section  2  contains  details  of  the  geometry  used  and  the  operational  parameters 
employed  in  the  computer  runs;  Section  }  gives  the  essentials  of  the  mathematical  model; 
results  and  their  discussion  are  reported  in  Section  4 . 


2.  GEOMETRY  AND  CONDITIONS 

Combustor  can  geometry  is  shown  in  Fig.  1.  Two  L/D  ratios  were  used,  i.e.,  L/D=1.5 
and  2.5:  the  first  was  adopted  for  all  equilibrium  calculations,  as  the  overall  fuel 
consumption  rate  was  faster  and  a  shorter  combustor  length  required  for  combustion  com¬ 
pletion.  With  finite-rate  kinetics  the  total  length  needed  was  longer;  dictating  a  larger 
number  of  grid  points  in  the  axial  direction.  The  ratio  between  air  inlet  annulus  thick¬ 
ness,  a,  and  can  diameter  D  was  kept  constant  and  equal  to  0.1505,  with  D=0.25  m. 

The  advantages  of  such  cavity  shape  are  as  follows:  geometry  is  simple,  with  only 
primary  air  mixing;  combustor  shape  and  design  are  essentially  those  of  the  model 
combustor  used  at  AFWAL  by  Roquemore  et  al.  /II/  in  their  simulations  and  experiments,  so 
that  comparisons  are  possible;  this  geometry  is  also  interesting  for  ramjet  combustor 
modeling,  where  research  is  also  in  progress. 

Conditions  used  in  the  simulations  were  the  following:  the  fuel  was  gaseous  CjH8, 
for  which  global  kinetic  data  were  available  and  that  approximates  the  reactive  behavior 
of  higher  HC  (using  methane,  a  much  more  likely  candidate  for  RJ  and  SCRJ  was  considered 
and  discarded  because  of  its  rather  special  kinetics);  inlet  air  temperature  ranged  from 
900  to  1100  K  and  inlet  fuel  temperature  between  350  and  450  K;  the  inlet  air  and  fuel 
velocities  ranges  were  40-120  and  20-50  m/s  respectively.  Pressure  was  varied  between  1 
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and  9  bar.  With  these  choices  the  air  Reynolds  number  varied  between  50,000  to  ^00,000. 


3.  MATHEMATICAL  MODEL 

The  model  uses  a  standard  2-D  TEACH  solver  /12/  modified  to  include  multiply- 
connected  surfaces  capability.  Chemical  kinetics  may  be  either  generalized  (i.e.,  capable 
of  simulating  elementary  steps),  or  global/overall;  alternatively,  thermochemical  equili¬ 
brium  may  be  imposed  to  find  species  concentrations  and  temperatures  in  the  presence  of 
chemical  reactions. 


All  dependent  variables  use  the  Favre -averaging  formulation;  for  the  two  velocity 
components,  this  makes  comparison  with  LDV  measurements  very  convenient.  In  fact,  pre¬ 
liminary  runs  of  the  model  without  chemical  reactions  ('cold1  runs)  yielded  velocity 
fields  in  close  agreement  with  both  predictions  and  LDV  measurements  obtained  by  Roque- 
more  et  al.  /II/.  Comparison  with  temperature  measurements  would  require  transforming 
Favre-averaged  temperatures  into  conventional  time-averaged  temperatures,  and  because  of 
the  scarce  data  was  not  attempted. 

The  effect  of  density  changes  due  t:  the  heat  release  has  been  accounted  for  by 
including  the  modified  k-epsilon  model  proposed  by  Jones  Ikl  and  later  employed  by  Jones 
and  McGuirk  121  and  Jones  and  Whitelaw  /13/. 

3.1  k-epsilon  Equations 

Inclusion  of  the  extra  terms  due  to  density  and  pressure  gradients  results  in  the 
equations  for  k  and  epsilon  shown  in  Fig.  2.  The  terms  depend  on  the  product  of  the 
density  and  pressure  gradients:  therefore,  in  subsonic  flows  their  magnitude  is  essen¬ 
tially  determined  by  density  gradients.  For  diffusion  flames  the  introduction  of  these 
terms  may  cause  numerical  problems  near  the  interface  between  the  fuel  jet  and  the 
surroundings  during  the  first  iterations  starting  from  an  initial  guess  of  the  field. 
This  is  due  to  the  sharp  radial  density  gradients  near  the  flameholder  fuel  injection 
hole,  that  demand  either  a  finer  local  mesh  along  the  radii  near  x  =  0,  or  introduction 
of  these  terms  after  a  number  of  iterations  large  enough  that  those  gradients  have  been 
smoothed  down.  This  second  approach  was  implemented  here.  Typically,  about  0(10) 
iterations  were  performed  prior  to  the  activation  of  the  density  gradient  terms  in  both 
k  and  epsilon  equations. 

3.2  Overall  Kinetics 


Rather  than  using  a  flamelet  model  coupled  to  PDF  approach,  global  kinetics  was 
investigated  using  Favre-averaged  concentrations  and  temperatures  in  the  rate  expression. 
The  rate  was  taken  from  / 1 ^ / ,  dealing  with  premixed  HC/air  flame  propagation,  and  has 
the  form 


d  [F] 
dt 


11  r-“  -i  n 

8.6x10  [o2]  [f] 


exp(-30,000/  RT), 


mole 

cm^s 


(1) 


where  m  =  1,65  and  n  =  0.1.  However,  this  fit  works  well  only  in  a  relatively  narrow 
range  of  equivalence  ratios  ER.  The  n  ((  1  exponent  tends  in  fact  to  predict  unphysically 
high  rates  in  the  fuel-lean  zones  of  the  mixing  region(s).  To  avoid  this,  the  exponent  n 
was  made  a  function  of  the  local  ER,  following  a  suggestion  by  Riva  implemented  in  /15/. 
The  fit  for  n  that  gave  the  best  results  over  the  broadest  range  of  pressures  was: 

ER ( x , y ) -ER^g ^ 

n  =  nref+(nmax"nref)  ERmin-ERref  (2) 


where  nref=0.1,  nmax=0.5,  ERref=0.5,  and  ERmin=0. 


3.3  Thermochemical  equilibrium 

In  this  mode,  besides  Cj;H8,  02,  N2,  C02,  H20,  the  model  includes  also  CO,  OH  and  H2. 
The  species  concentrations  are  predicted  using  fits  for  the  equilibrium  constant 
Kp  =  Kp(T),  resulting  in  functional  relationships  of  the  type 

Yk  =  f  [ER(x,y)]  (3) 

The  fits  are  valid  between  700  and  3000  K.  The  equilibrium  calculations  are  bypassed 
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entirely  either  for  P/A  <  0.001  (very  lean  mixture)  or  if  A/F  <  0.01  (very  rich)  /l6/. 
Besides,  for  propane  fuel  and  if  ER  )  3,  the  combustion  products  are  assumed  to  be  only 
CO  r-'d  H2. 

Using  the  model  in  the  equilibrium  mode,  the  solution  procedure  becomes  as  follows: 
starting  from  an  initial  guess,  compute  the  momenta  transport.  With  the  flowfield  already 
updated,  compute  equilibrium  values  for  species  Y]<  and  enthalpy;  next,  compute  the 
enthalpy  transport,  and  from  updated  p,  Y^  and  h  and  old  density,  update  the  temperature 
inverting  the  fit  for  the  enthalpy  as  a  function  of  temperature  and  species  mass  frac¬ 
tions.  Last  the  density  is  also  updated  from  the  equation  of  state. 

In  both  equilibrium  and  overall  kinetics  calculations  there  is  a  modeling  approx¬ 
imation  inherent  to  using  ^Favre-J  averaged  quantities.  In  the  case  of  finite-rate 
kinetic,  fuel  and  oxygen  fluctuations,  that  would  tend  to  reduce  the  average  value  of 
the  rate  itself,  are  not  accounted  for;  in  the  equilibrium  approach,  the  approximation 
consists  in  evaluating  equilibrium  constants  Kp  at  an  averaged  temperature.  In  both 
cases  the  dependence  of  the  approximation  on  temperature  is  exponential:  for  the  finite 
-rate  case,  in  the  Arrhenius  term  of  (1);  for  the  equilibrium  case,  in  the  Van't  Hoff 
dependence  of  the  equilibrium  constant  on  free  energy 


3 (In  K  ) 

_ e_ 

3? 


A0 

RT2 


so  that  the  error  in  both  cases  is 


of  the  same 


order. 


(H) 


H.  RESULTS 

Table  l  shows  the  matrix  of  the  runs  performed  and  the  values  adopted  for  the  para¬ 
meters  changed. 

The  structure  of  the  recirculation  region  was  investigated  at  first  using  the  equili¬ 
brium  approach.  Figure  3  shows  the  predictions  of  the  velocity  field  in  the  centerbody 
combustor  for  different  fuel  and  air  flow  rate  ratio.  Streamlines  indicate  that  the 
formation  of  one  or  two  vortices,  and  their  extension,  depends  on  the  ratio  between  the 
air  and  fuel  inlet  momenta.  The  interaction  of  the  central  and  annular  jets  is  responsi¬ 
ble  of  changes  in  the  flame  structure;  Figs.  3a  and  3b  show  the  condition  where  the 
annular  j'et  dominates  the  flow  field,  while  Fig.  3c  relates  to  a  condition  where  neither 
j'et  dominates  the  velocity  field.  In  Fig.  3a  the  air  inlet  momentum,  greater  than  the 
fuel  inlet  momentum,  creates  a  dominant  outer  vortex;  however,  since  the  two  inlet  mo¬ 
menta  are  essentially  of  the  same  order  of  magnitude,  the  fuel  jet  creates  also  a  second 
inner  vortex.  Fig.  3b  shows,  instead,  formation  of  only  one  vortex,  due  to  air  momentum, 
while  the  fuel  is  rapidly  entrained  as  soon  as  it  exits  the  injector.  The  strong  gradients 
in  the  upper  region  of  the  vortex  are  responsible  for  high  turbulence  levels  and, 
consequently,  for  high  conversion  to  products  and  heat  release, as  shown  in  Fig.  5.  Air 
and  fuel  inlet  velocity  are  equal  in  the  case  of  Fig.  3c.  An  upper  clockwise  vortex  and 
a  well  developed  counterclockwise  vortex  are  formed,  due  to  the  same  inlet  velocity  of 
air  and  fuel.  In  such  situation  turbulence  levels  are  quite  low,  turbulent  transport  is 
poor  and  the  combustor  efficiency  is  bad,  as  seen  in  Fig,  8a. 

These  predictions  were  compared  with  those  obtained  with  finite  kinetics  assumption 
under  the  same  operating  conditions.  Results  are  reported  in  Fig.  .  A  detailed  compa¬ 
rison  shows  a  negligible  influence  of  the  approach  chosen  on  the  velocity  field. 

A  different  conclusion  is  reached  when  temperature  fields  are  compared.  Starting 
with  test  case  25  (p  =  5  bar,  inlet  air  velocity=120  m/s,  inlet  fuel  velocity=25  m/s), 
the  fluidynamic  field  is  shown  in  Fig.  3b  (equilibrium  assumption)  and  in  Fig.  ^b  (over¬ 
all  kinetics  assumption).  For  the  same  test  case  25,  Fig.  5a  shows  isothermal  contour 
lines  obtained  for  thermochemical  equilibrium  and  Fig.  5b  isotherms  predicted  with  the 
finite  kinetics  assumption.  Significant  differences  exist  in  the  two  temperature  fields. 

In  both  cases  the  hot  gas  region  is  localized  at  the  bottom  side  of  the  annulus  region. 
This  is  a  physically  realistic  conclusion  considering  that  such  region  contains  a  strong 
shear  layer,  characterized  by  high  velocity  gradients  and  high  turbulence  levels. 

Transport  of  fuel  and  oxidant  is  favoured,  and  so  in  both  equilibrium  and  finite  kinetics 
assumption  the  largest  temperature  is  reached.  An  interesting  feature  of  the  two  solu¬ 
tions  is  that  the  temperature  field  for  the  finite  kinetics  case  is  higher  than  for  the 
equilibrium  case.  The  opposite  conclusion  may  be  drawn  when  the  temperature  fields  of 
test  case  16  (Fig.  6)  are  examined:  in  such  situation  the  finite  kinetics  temperature 
field  (Fig.  6b)  is  lower  than  that  pertaining  to  equilibrium  (Fig.  Da).  The  reason  of 
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this  apparently  nonirituit. j vo  behavior  ha:-  to  be  found  in  the  influence  of  turbalonco: 
high  turbulence  levels,  associated  with  high  inlet  momenta,  favor  the  heat  re  lease 
process  in  the  kinetic  approach ,  since  faster  mixing  produces  larger  regions  where  fuel 
and  oxygen  concentrat ions  are  sufficiently  high  to  activate  th"  global  finiie-iste 
kinetics.  In  low  turbulence  level  situations,  poorer  mixing  results  in  eitr.er  toe  low 
fuel  or  toe  low  oxygen  concentrations,  and  fir.it"  rate  i.iretics,  ai  least  in  tl  a  glooa’ 
formulation  used  here,  cannot  'take  cff.  This  is  not  so  far  e'l'i 1 1  ionium  i a 

which  temperature  increases  co  matter  how  small  the  fuel  and  oxygen  present.  Therefore, 
the  hi  at  release  process  is  favored  by  the  equilibrium  approach.  It  is  important  to 
underline  that  such  differences  In  the-  temperature  field  do  not  significantly  influence 
the  velocity  field  and  this  may  be  relevant  in  comparing  experimental  measurements  and 
numerical  predictions. 

According  to  thssc  different  tempera tui e  fields,  different  fields  in  carbon  dioxide 
Jlstribui ior.  are  observable.  For  test  case  ?5  the  carbon  dioxide  field  is  shown  in 
Fig.  7a  (equilibrium!  which  has  to  b  *  conr'ected  to  Fig.  3a  and  in  rig.  7b  (finite  kine¬ 
tics)  which  iiuS  to  be  connected  to  Fig.  5b.  From  a  qualitative  point  of  view  the 
structure  is  the  seme  in  both  cases:  the  highest  concentrat ions  are  associated  with  the 
highest  temperatures,  the  trend  in  the  region  of  the  fuel  inlet  is  similar  in  thn  two 
cases,  add  Re  is  also  tm.  COt  distribution  from  the  annular  region  to  the  centerline. 
However,  at  least  for  this  particular  set  of  input  data,  quantitative  differences  exist 
locally . 

To  further  investigate  the  effect  of  the  two  considered  approaches ,  the  structur.. 
of  the*  recirculation  region  has  been  correlated  to  the  combustion  products  field.  For 
the  thermochemi cal  equilibrium  case  (test,  case  l6.  Fig.  8a)  streamlines  are  shown  super¬ 
imposed  to  the  chemical  species  field:  the  dashed  region  shows  where  fuel  dominates. 
Concentration  is  related  to  the  density  of  dots:  high  density  corresponds  to  high 
concentration .  As  the  fuel  diffuses  '  ■'•on.  the  central  fuel  jet  outwardly,  it  decelerate., 
by  entraining  air  at  high  tenpe.'acure ;  the  region  between  vortices  is  the  most  favorable 
to  products  format  i  xr.  in  that  equivalence  ratio  is  closer  to  the  stoichiometric  value. 
Combustion  products  thus  provide  a  source  of  heat  and  ignition  for  the  fuel  from  tne 
central  jet:  as  t.jc  picture  shows,  most  of  these  products  arc  distribut’d  raojally  along 
ar.d  close  to  the  combustor  face,  ar.u  reaching  close  to  the  inlet  air  transported  by  the 
annular  jet.  Diffusion  of  fuel  and  of  combustion  products  is  quite  poor;  the  low  inlet 
velocities  are  responsible  for  low  turbulent  gradients,  which  govern  turbulent  diffusion. 
Thi*  general  picture  is  confirmed  when  finite  kinetics  is  assumed.  Aside  fnm  aif Terence^ 
in  th«  temperature  field,  genera1  trends  do  not  change;  for  example  low  U>rbu1cnt 
gradients  are  seen  when  looking  at  the  velocity  field  shown  in  Fig.  8b.  The  1  effi¬ 
ciency  of  the  combustor,  operating  at  these  <  o^di t ior.s .  is  indicated  by  lig.:.  Jc  Ji.d  sj 
if i  wt.icn  lueJ  and  carbon  tuvxida  nass  !rdct:o:.s  f «. ..pool  i  vely  are  s«n>wn  for  the  over-'  ll 
kinetic::  assumption.  Fig.  9a  shows  for  trie  equ  •  1  \br iu.j  case,  stream! inus  superimposed 
to  the  chemical  species  fj^Jd  for  the  cert  case  f  \p*>  bar;  inlet  air  velocity ^50  m'.v; 
inlet  fuel  vf- loc ity in/r.j.  Compared  to  the  previous  ca.?o,  the  different  structure  of 
the  recirculation  region  ana  combustion  products  >001.  a  different  behavior  of  the  com¬ 
bustor:  the  fuel  is  completely  entrained  in  the  recirculation  region  and  the  .me.- 
fractions  a*,  vli*  outlet  section  ol  the  ocutuctor  are  n*pr c sented  only  by  the  combu*.t ien 
products.  Fig.  9  also  shows  the  comparison  between  the  equilibrium  (Fig.  9b)  and  finite 
kinetics  (Fig.  9c)  temperature  field  Differences  have  to  be  u:>rribe-d  to  the  aLove 
mentioned  phenomena.  Again,  carbon  dioxide  fields  (Fig.  9d  fur  the  equilibrium  case  and 
Fig.  9c  for  the  finite  kinetics  case),  arc  correlated  to  the  temperature  fjeld. 

The  effect  cf  pressure  on  the  temperature  >jc*ld  for  the  twu  .acs  of  th*.  rwot.’ieniic'-.l 
equilibrium  and  finite  Kinetics  are  show  ;  in  Fig.  106-c  and  Fig.  lle-c  respi.ee  i  vely . 
Fquilibrium  computations  were  performed  it  p-J  bar  (cus  c».  Fig.  I0a}„  p-3  bar  (tav:  17, 
Fir.  10b)  and  pr9  bar  (ca:;n  ?7f  F:g.  10c;.  f!s  s igr.if :  :a-it  l .-mp'  rat u ro  vs  •tat ions  i.or 
consistent  change:;  in  the  spatial  distribution  of  isr>tf.crw5l  lines  can  b  oi»s..rved. 

Finite  kinetics  computations  arc  shown  for  p-1  Par  (cas:  A,  Fig,  Do),  p'3  bar-  (cane  10, 
Fig.  lit)  and  p  =  5  tar  (case  Pj>,  Fig.  11c).  A  diff  r;nt  structure  of  ih'  tenperutu re  field 
is  detectable  going  from  1  to  '•  bar;  Ll  higher  pressure:  ,  ,rc*j  nr  iron  )  to  5  bar,  for  the 
same  operating  conditions,  the  tenipcr.turr  field  d^es  net  show  significant  changes,  also 
from  a  quantitative  po'rt,  of  view.  This  is-  due  to  the*  effect  o'-  r-.cnocnl  rat i or,  on  kinet  ics, 
in  fact  while  pressure  huf  &  direct  effect  cu  density  **rii  cor:c,.,:r.:*it  ;on:?,  changing  the 
reaction  rate  (1)  with  a.  n  +  m  ’wW^l  ,  it  has  s  much  milder  effect  on  i*q.<  i  1  jbriura  predic¬ 
tions,  that  depe-ri  essential!;/  eti  tt  :npoi  atu.  'i .  Jri  order  to  evaluate  whut  33  the  i»t  :  l 
approach  -  finite  kinetics  cr  the  vinocf  e-Piica1  equil  ihij-im  -  \*:i  pressure  change,  exper  i.ii''n- 
tul  iriea.sitr*.**ncnls  are  needed  spanning  ;  ivalintic  pruosu'v  range. 

Frol jmi;).M*y  result:;  obtained  to  investigate  the-  influence  of  density  gradients  terms 
3  He  ludad  in  t..'*  V:-f.  *.qs.,  we  o  'Vvaiucd  /  r>»*  ’coJ*)1  (unr-euet  5  '  .* )  oenditionr  V.  pie:;  Mire  cf 
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1,3  and  £  bar,  and  for  combustion  conditions  at  pressure  of  1  bar  and  for  a  low  ratio 
between  air  and  fuel  inlet  momentum.  For  such  conditions  investigated  the  effect  in 
almost  negligible.  This  is  realistic  from  a  physical  point  of  view  because  such  operating 
conditions  are  not  responsible  for  extended  regions  of  high  density  gradients.  In  fact, 
density  gradients  are  associated  with  slow  mixing  between  fuel  jet  and  surrounding  air; 
increasing  pressure  increases  also  iuel  jet  momentum  (or  Reynolds  number;.  Thus, at  higher 
pressures  the  jet  will  tend  to  remain  mure  'coherent1 ,  and  this  will  cause  sharper 
density  gradients  over  larger  regions.  Fig.  12  compares  the  temperature  field  obtained 
with  the  k-e  standard  model  (Fig,  12a)  with  that  obtained  implementing  the  K-e  model 
(Fig.  12b)  modified  to  include  the  density  gradients  source  terms.  The  temperature  field 
is  almost  the  same  and  th*  same  conclusion  may  be  drawn  for  the  turbulent  kinetic  energy 
field,  when  comparing  the  standard  k-e  approach  (Fig.  7/0  with  the  modified  k-c  approach 
(Fig.  12d),  Similar  conclusions  are  obtained  from  the  comparison  of  the  cold  flow  fluid 
predicted  at  5  or  5  bar.  Work  is  currently  being  done  to  check  whether  these  preliminary 
results  apply  also  at  higher  pressure  and  especially  under  reactive  conditions. 


CONCLUSION? 

Conclusions  from  the  work  performed  so  far  and  presented  here  arc  as  follows: 

1.  implementing  equilibrium  or  overall  kinetics  does  not  affect  signi f icuntly  the  re¬ 
circulation  region; 

2.  the  temperature  field  is  instead  affected  by  this  choice,  and  so  are  major  species. 
However,  highest  temperatures  and  largest  conversion  ratios  arc  not  necessa  *ily 
associated  with  equilibrium  assumption  and  depend  instead  on  the  structure  of  the 
velocity  field; 

5.  differences  in  temperature  and  mass  fractions  duo  to  the  choice  of  equilibrium  or 
finite-rate  kinetics  tend  to  diminish  at  higher  pressures; 

pi'Ol iminary  results  at  p-1  bar  indicate  that  introducing  density  gradients  terms 
inside  k-epsilon  equations  for  reactive  cases  has  a  minor  effect  on  all  variables; 
at  p-5  and  *3  bar  this  is  also  true  a‘  least  for  the  nonreactive  case  tested. 
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ABSTRACT 

Numerical  calculations  are*  retried  of  the  three-dimensional  reacting  flow  inside  a  can -type  combustor  geometry.  Several  flow 
features  found  in  current  combustor  designs  ire  included,  a  swiil  driven  primary  zone  and  a  single  row  of  radially  inward  dilution 
air  jets.  The  particular  aspect  of  the  mathematical  formulation  given  special  attention  concerns  the  model  for  the  chemical  reaction. 
Alternative  descriptions  of  die  instantaneous  [hcrnnx'hemisby  arc  adopted  which  convsj'oiul  to  either  full  chemical  cquilibnum  or  the 
laminar  f.ariiclct  approach.  In  the  latter  case  the  flamclct  structure  is  taken  over  from  published  calculations  of  lannn.tr  propane  air 
diffusion  flames.  All  other  aspects  of  the  mathematical  model  such  as  numerical  discretisation  and  solution  algorithm,  luibulcnce  model 
and  tinbulcncc/ehcntistry  interaction  arc  common  in  the  predictions  obtained  (the  two  equation  k-c  model  and  a  JV  function  pdf  have 
been  used) 

The  results  obtained  indicate  that  the  predicted  flow  patterns  :uc  essentially  the  same  for  k>th  chemistry  models,  even  though 
differences  of  almost  l(Xl%  arc  observed  tor  the  instantaneous  density  field  .  In  terms  of  predicted  gas  tcmpcraluie  and  levels  i>t 
species  concentrations,  more  significant  dillcrences  are  observed.  Tins  is  particularly  so  for  t'O  and  Hv  where  the  changes  iniuxlmeil 
by  the  laminar  flamelet  description  andobserved  in  oj'en  jet  diffusion  flattie  predictions  are  borne  out  by  the  present  calcuations.  In 
particular,  the  primary  zone  levels  of  ('O  and  lb  are  significantly  reduced.  17ie  predictions  with  both  models  indicate  however  a 
deticicncy  in  the  representation  of  f()  bum  out  and  it  is  probable  this  will  require  an  alivtn.uixc  chcmistiy  dess npt ion.  I:maily. 
although  the  calculations  have  used  an  unstrained  laminar  flame  description,  predictions  of  the  mean  scalar  dissipation  rate  arc 
presented  to  assess  the  likelihood  of  local  quenching  due  to  flame  stretching.  Some  uncertainty  exists  in  selecting  a  entail  maximum 
value,  and  in  transferring  from  the  mean  value  to  the  instantaneous  state;  nevertheless,  the  current  predictions  seem  to  imply  that 
significant  local  extinction  is  unlikely  in  the  present  flow,  except  for  some  fuel  rich  regions  very  close  to  the  inn.  .nun  location. 


1.  INTRODUCTION 

Much  work  is  currently  underway  which  is  intended  to  lead  to  the  development  of  three-dimensional  mathematical  models  tor  the 
flow  and  chemical  reaction  inside  gas-turbine  combustion  chambers.  The  complexity  of  the  physical  and  chemical  events  in 
combusting  flow  means  however  that  the  formulation  of  a  complete  mathei  meal  model  is  by  no  incans  easy.  Even  for  the  simplified 
ease  of  gaseous  fuels,  such  models  must  he  constructed  from  several  components  comprising  ;.;;h  models  for  iarbu'xiM  tuiuspi'ii,  foi 
the  instantaneous  thcrniochcmical  dcsciption,  and  (to  allow  the  necessary  simulation  of  turbulenceA-'hemisiry  interaction)  a  further 
model  is  required  to  prescribe  the  statistics  of  the  scalars  which  determine  ihe  state  of  reaction  (usually  in  the  form  of  a  probability 
density  function  (pdf),-  This  combination  leads  to  a  closed  sei  of  partial  differential  equations  which  must  then  bo  solved,  using 
computational  fluid  dynamic  techniques,  in  a  manner  which  offcis  robustness,  geometric  flexibility,  numerical  accuracy  and 
computational  efficiency.  Examples  may  be  found  in  the  litcra'ure  of  the  extent  to  which  the  development  of  su'ii  calculation 
procedures  has  progressed,  e.g.  Reference  1 ,  but  it  is  clear  from  review  papers  on  turbulent  combustion  (see  Referent  e  ?)  that  none  of 
the  components  of  the  overall  model  may  be  said  to  be  in  an  entirely  satisfactory  state  or  to  have  reached  an  optimum  level.  The  present 
paper  concentrate:*  on  just  one  of  the  above  aspects,  namely  the  chemistry  sub- model,  and  attempts  to  compare  two  alternative 
descriptions  at  Lhc  level  which  is  considered  currently  feasible  within  the  constraints  of  a  three-dimensional  numeric  il  simulation. 

Most  combustion  models  for  gas-turbine  combustors  adopt  the  so-called  conserved  scalar  approach.  I  or  non  premixed  flames, 
the  assumptions  of  negligible  heat  losses  due  u>  radiation,  low  Mach  numbers  and  equality  of  all  diflusive  transport  coefficients  allows 
al!  thermochcmicnl  state  variables  to  be  expressed  in  terms  of  any  conserved  scalar  such  as  an  element  mass  fraction.  Conventionally 
the  mixture  fraction  is  chosen  to  describe  the  gas  state.  Further,  if  recognition  is  taken  of  the  fact  that  combustors  operate 
predominantly  at  high  inlet  temperatures  and  pressures,  then  i:  may  be  assumed  that  all  chemical  kinetics  are  very  fast  compared  to  the 
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time  Males  of  turbulent  mixing  or  resilience  limes  associated  with  convective  transport  Tins  leads  to  the  "taxi  chemistry" 
approximation  implying  that  ii  i>  admissible  to  assume  (instantaneous}  chemical  equilibrium  coiiijv»sinon  appropriate  to  the  local 
mixture  fraction  value.  Modelling  the  consequences  of  turbulem  fluctuations  on  the  chemical  cmnposniiMi  is  then  reduced  lo  desctibing 
the  fluctuations  of  the  mixture  fraction  This  is  conventionally  earned  out  by  presuming  knowledge  ot  the  probability  density  Junction 
(pdf)  for  the  conserved  scalar  usually  in  terms  of  a  well  defined  assumed  lonn  described  by  a  small  numbci  (commonly)  of  free 
parameters,  This  is  the  full  chemical  cquilibnum  model  and  is  one  of  the  two  models  considered  below. 

Whilst  the  above  approach  can  lead  to  successful  prediction  of  some  features  of  cotnbiiMoi  flows,  it  has  been  observed  to 
produce  an  ovfipredielion  of  such  assets  as  carlvn  monoxide  concentration.  particularly  under  conditions  of  locally  luel  nch  /ones 
(see  Reference  3}.  Additionally,  any  phenomenon  which  is  inherently  non  equilibrium  and  dependent  on  finite  rates  (r.g.  the 
quenching  of  CO  burnout  reactions)  clearly  cannot  be  predicted  using  the  model  just  described  In  i event  years,  the  requirement  for 
low  emissions  levels  has  placed  demands  on  combustor  design*  n>  winch  have  had  to  he  met  by  costly  trial  and  cno;  experimentation 
(Reference  4)  since  no  models  have  been  developed  for  use  in  3D  combustor  flows  to  provide  accurate  infoini.ition  of  this  type. 
Extensions  of  chemistry  models  to  include  finite  rate  effects  have  been  made,  but  the  introduction  of  additional  scalars  which  descnlv 
the  instantaneous  slate  has  forced  the  use  of  a  multi  dimensional  joint  pdi  The  construction  of  this  using  assumed  shape  forms  is 
either  computationally  expensive  (Reference  5)  or  has  involved  assumptions  such  as  statistical  independence  of  the  scalars  (Reference 
6)  which  might  adversely  influence  the  predictions  and  which  are  not  strongly  sup|x>ited  by  evidence.  Many  of  the  above  problems  are 
avoided  if  a  transport  equation  for  the  joint  pdf  itself  is  devised  and  solved,  although  additional  and  different  modelling  problems  arc 
thereby  introduced.  Reference  7  describes  the  most  advanced  application  of  tins  type  to  a  five  uubulcm  diffusion  flame  (in  fact  the  joint 
pdf  for  velocity  and  two  ser.'ars  wre  used)  The  technioue  is  promising,  although  the  closure  models  used  arc  still  under  test,  l  or  3D 
combustor  calculations,  such  models  arc  clearly  premature  as  all  repotted  calculations  to  date  have  been  to  problems  which  have 
allowed  the  s.gnificant  simplification  of  negligible  probability  of  one  velocity  component  assuming  negative  values.  This  has  allowed 
marching  solution  algorithms  to  be  used,  and  has  tie  •ertheJess  led  to  computing  nun  s  of  order  of  one  hour. 

An  alternative  to  these  multi- scalar  descriptions  has  emerged  over  the  last  lew  years,  rind  is  usually  termed  the  laminar  H.imcJet 
approach.  In  this  type  of  model  the  single  conserved  scalar  formulation  is  extended  to  include  non  equilibrium  effects.  Ougmaliy  tins 
was  based  on  experimental  observations  (Reference  h)  that  measured  icinjx-i.itiiic  and  species  compositions  m  undisturbed  laminai 
diffusion  flames,  when  plotted  against  mixture  fraction,  provided  unique  and  alternative  relationships  to  those  devised  assuming 
equilibrium.  The  calculations  ot  Reference  9  were*  the  fust  to  use  an  experimentally  deduced  laminar  flame  structure  to  show  tli.it,  hy 
assuming  tm  Indent  diffusion  flames  consist  of  a  collection  «-*  laminar  flames,  the  above-mentioned  ovc. prediction  of  CO  in  methane  an 
open  tut  Indent  flumes  could  be  remedied.  Similar  results  were  reported  for  propane  air  flames  in  References  10  and  1 1.  but  now  the 
laminar  flame  structure  was  deduced  not  from  experiments,  bin  from  a  one- dimensional  transient  laminar  flame  calculation  which 
invoked  a  senu-glohal  reaction  mechanism  involving  a  global  fuel  disappearance  step  followed  by  a  comprehensive  r.H.cl.4:iMMii  k»r  the 
oxidation  ot  (  t )  and  ID  1  his  laminar  flamclet  model  detailed  in  Kefetence  It)  is  the  second  chemistry  model  used  m  the  calculations 
which  follow. 

The  laminar  flumelet  approach  has  been  extended  (.see  Relcirnces  12  and  1  1)  to  account  tor  the  fact  that  in  a  turbulent  flow  the 
flame  lets  will  be  stretched  and  distorted  by  the  turbulence  I  his  modification  allows  Such  effects  as  local  flame  quenching  and  lienee 
local  pre-mixing  to  occur  in  turbulent  diffusion  flames  The  parameter  w  hich  is  assumed  io  characterise  Hie  tl  ime  stretching  pox  ess  is 
the  instantancou**  scalar  dissipation  rate  (proportional  to  the  square*  of  the  instant >  scalar  gradient).  Following  this  approach 
involves  providing  a  set  ot  flame  structure  profiles  in  terms  of  both  mixture  fiyi  tion  and  scalar  dissipation  rate.  In  addition,  a  joint  pdl 
is  (in  principle)  required,  although  many  workers  have  to  date  assumed  sMireu >  a)  independence  between  mixture  fraction  and  its 
dissipation  rate  which  has  simplified  this  aspect  of  the  model  (’  log  normal  di>r.*bi>!ion  has  usually  been  used  for  the  scalar  dissipation 
rate)-  Although  some  evidence  is  starting  to  emerge  for  the  benefits  to  he  gi  :p«.~  y  including  the  influence  of  llanx*  stretch,  it  is  not  yet 
clear  how  this  can  be  achieved  in  an  optimum  manner  in  a  complex  flow  calculation.  Accordingly,  tins  vcisiou  ot  the  flamclet  model  is 
not  usee!  in  the  present  work,  although  some  attempt  i;;  made  lo  examine  the  values  of  the  "lean  scalar  dissipation  rate  which  emerge  as 
pan  of  the  current  predictions,  to  sec  if  these  imply  conditions  close  to  ;l:c  values  die  dissipation  rate  belie .  ed  to  lx*  large  enough  to 
cause  local  extinction  (References  10  and  12). 

The  following  section  details  the  mat  her  nan  cal  model  used  in  the  present  woik  and  presents  a  brief  description  of  the  solution 
algorithm  adopied  and  a  few  computational  details.  Section  3  outlines  the  particular  combustor  configuration  chosen  to  examine  the 
two  chemistry  models  mentioned  above  and  r,ets  out  a  detailed  comparison  on  the  basis  of  predicted  flow  and  species  parameters. 
Summary  conclusions  are  stated  in  the  final  section. 


2.  MAT! IFMATICAL  MODEL 


The  equations  governing  continuity  and  conservation  of  momentum  and  mixture  fraction  may  be  written  t  r  steady  high 
Reynolds  number  flows  as  follows: 
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Dcnsii}  weighted  averaging  has  been  pictVrrcd  since  this  leads  to  simpler  equation  forms  in  variable  density  flows.  Closure  of 
these  equations  requites  the  provision  of  a  model  tor  the  turbulent  transport  (Reynolds  stresses  and  sealer  fluxes).  The  two  equation 
k-7  model  i>  used  in  the*  calculations  performed  here,  tor  combusting  flows  the  form  of  the  model  used  in  Reference  3  has  been 
adopted: 
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number  of  0.7. 

As  descrilx.il  below,  the  construction  of  the  pdl  of  mixture  fraction  also  rvquincs  values  for  the  variance  of  the  mixture  fraction 
at  all  points  in  the  flow,  litis  is  obtained  from  its  own  modelled  transport  equation: 
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It  should  be  noted  that  the  last  term  in  this  equation  is  the  modelled  term  for  the  mean  scalar  dissipation  rate  and  introduces  an 
additional  model  constant  Q)  whose  value  is  2.0  in  the  calculations  reported  here. 

in  ixuh  of  the  chemistry  models  to  be  used,  as  described  in  the  previous  section,  all  thcnnochcmical  slate  variables  are  juesumed 
known  as  unique  functions  of  f  on  an  instantaneous  basis,  i.c. 


where  01  niay  stand  tor  gas  density,  temperature  oi  die  mole  fraction  of  any  species  present.  The  functional  form  represented  by 
these  relations  is  ve»y  commonly  non  linear,  and.  because  the  mixture  traction  fluctuates,  the  Itx'al  mean  value  of  any  state  variable 
niUM  be  calculated  from. 
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where  |S  (f)  is  the  dcnsiiy  weighted  probability  density  function  for  f.  Adopting  the  assumed- shape  approach,  this  pdf  is 
specified  using  a  Beta  function,  vii: 
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|  f‘  '(  l-0h  'df 
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where  the  exponents  a  and  b  are  given  by:- 


i.e.  these  arc  uniquely  specified  at  any  point  if  the  mean  and  variance  of  the  mixture  fraction  arc  known.  The  mean  dcnsiiy 
appearing  in  the  transport  equations  may  be  obtained  from  this  density  weighred  pdf  using:- 

i  ,  -  1 

P  =  l  |  -  P(f)  df  ] 

t  P<f) 

The  functions  <>,(0  and  p(f)  describing  the  instantaneous  thermochemical  information  have  been  obtained  using  either  the 
technique  of  Reference  15  for  the  equilibrium  model  oi  the  tabulated  data  included  in  Reference  10  for  the  laminar  flamelet  model.  In 
both  cases  propane  fuel  has  been  assumed.  This  has  necessitated  the  use,  in  ihe  equilibrium  model  only,  of  a  rich  flammability  limit  at 
an  equivalence  ratio  of  2.5  tax  recommended  in  Reference  16)  and  the  supression  of  solid  carbon.  These  modifications  arc  required  to 
enable  pure  fuel  to  exist  in  the  equilibrium  model  for  nch  mixtures  (it  would  otherwise  break  down  to  a  mixture  of  solid  carbon,  H? 
and  CHq).  and  to  reduce  the  very  large  levels  of  CO  produced  by  the  equilibrium  model  for  equivalence  ratios  larger  than  2.5.  The 
version  of  the  equilibrium  model  used  is  identical  to  that  used  in  Reference  16  for  an  open  turbulent  propane  air  jet  flame.  All 
calculations  have  assumed  a  pressure  of  two  atmospheres,  the  laminar  flamelet  detailed  kinetic  calculations  tabulated  in  Reference  10  are 
actually  for  airnospiwriv  pixssuu-.  bui  evidence  of  changes  in  fiameiet  structure  with  pressure  included  m  the  same  work  imply  that 
such  a  small  incrc~.se  in  pressure  level  would  not  lead  to  any  Significant  changes. 


li^xmples  cf  the  differences  between  these  two  models  for  the  instantaneous  functions  are  shown  in  Figures  1-3.  In  the  first 
the  variation  of  gas  density  and  temperajurr  over  mixture  fraction  space  are  compared.  The  minimum  density  near  ihe  stoichiometric 
value  ol  f  is  very  similar  in  both  models,  hut  differences  approaching  a  factor  of  2  arc  observed  on  borh  lean  and  rich  sides,  with  the 
flamelet  nuxJel  producing  the  larger  density  values.  The  most  striking  changes  in  the  temperature  curves  are  a  reduction  of  the 
maximum  temperature  by  some  300  degrees  in  the  fiameiet  model  compared  to  the  equi librium,  an  the  existence  of  significantly  higher 
temperatures  in  ihe  flamelet  model  on  the  rich  side  of  stoichiometric  leading  to  a  much  less  peaked  distribution.  The  CO  and  CO2 
comparisons  in  Figure  2  illustrate  the  result,  mentioned  in  the  previous  section,  that  the  high  CO  levels  produced  by  the  equilibrium 
model  on  the  rich  side  arc  reduced  by  the  flamelet  description  (by  a  factor  of  four  in  the  present  case)  with  corresponding  increases  in 
the  CO2  mole  fractions.  A  second  po.nt  to  no:e  is  the  presence  of  CO  in  the  fiameiet  model  bciow  stoichiometric,  whereas  the 
equilibrium  inodei  implies  negligible  CO;  tms  has  implications  tor  the  prediction  ol  emission  levels.  Finally.  Figure  3  presents  a 
comparison  of  oxygen  and  hydrocarbon  (propane)  mole  fractions;  here  the  differences  are  much  less  between  the  two  models.  The 
single  point  worthy  of  note  is  the  slight  interpenetration  of  fuel  and  oxygen  curves  in  the  flaniclet  model,  for  equilibrium  a  dear 
separation  between  finite  levels  of  O2  and  fuel  exists. 

The  equations  described  in  this  section  have  been  solved  using  a  finite  volume  technique  incorporating  hybrid  differencing  for 
Ihe  appioximation  of  the  convection  terms.  A  standard  pressure-correction  method  has  been  used  to  handle  the  pressure  velocity 
coupling  The  calculations  have  been  performed  with  cylindrical  polar  co-ordinates  and  any  irregular  boundaries  in  this  system  were 
approximated  via  a  simple  castellated  apptoach;  comparisons  between  this  method  and  a  body  fitted  curvilinear  calculation  for  the 
iyjlhcmial  flow  in  the  geometry'  considered  showed  negligible  differences.  The  grid  used  in  mos:  calculations  possessed  42x22x21 
nodes  in  the  x.r  and  0  ducctions  (19,000  nodes  in  all).  T\e  gnu  disposition  was  non-uniform  and  chosen  to  give  optimum  resolution 
of  the  expected  high  shear  regions.  Calculations  were  performed  on  an  Amdahl  470  V8  machine;  typical  storage  and  CPU 
requirements  to  obtain  a  converged  solution  for  a  combusting  flow  were  2  Mbytes  and  45  mintues  CPU  time. 
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3.  RESULTS  AND  DISCUSSION 


The  model  combustor  geometry  for  which  the  ament  tests  have  been  made  is  shown  in  Figure  4.  A  simple  can  type  geometry  is 
used  with  an  internal  diameter  of  76mm  and  an  overall  length  of  I70rr.m.  The  combustor  head  contains  a  45°  swtrler  and  a  fuel 
injector  which  allow  air  and  fuel  (propane  gas)  to  enter  the  primary  zone.  The  swirl  number  used  in  the  present  calculations  was  0.85. 
In  setting  the  inlet  conditions  for  flow  through  the  swirlcr,  flat  profiles  were  assumed,  but  an  allowance  was  made  for  vane  blockage 
decreasing  swirlcr  effective  area  (by  about  15%)  by  increasingly  the  hub  radius  accordingly.  The  fuel  was  assumed  to  enter  in  the  form 
of  radial  jets  from  the  outer  surface  of  the  Injector  which  protruded  slightly  (about  3nmi)  in  the  axial  direction;  for  the  moment  discrete 
fuel  jets  have  not  been  assumed,  but  rather  for  simplicity  the  fuel  enters  as  an  annular  ring  possessing  only  radial  momentum.  A  tilted 
combustor  backplate  is  followed  at  x«43mm,  by  a  single  row,  of  six  dilution  air  jets  of  diameter  8mm.  Circumferential  uniformity  has 
been  supposed  so  that  only  a  60°  cydically  repeating  sector  containing  one  jet  at  0=30°  was  calculated.  A  discharge  coefficient  of  0.6 
was  assumed  in  fixing  "elociiy  boundary  conditions  at  the  jet  holes.  Wall  cooling  air  enters  the  combustor  along  the  car  periphery  at  a 
uniform  effective  transpiration  rate.  Finally,  the  air  flow  split  between  the  several  features  is  given  on  Figure  4,  together  with  the 
overall  aii/fueS  ratio  for  the  combustor,  which  corresponds  to  an  overall  equivalence  ratio  of  0.41 . 

Figure  5  presents  results  for  both  isothermal  and  burning  flow  in  terms  of  centre-line  velocity  development.  The  increase  in  the 
maximum  backflow  velocities  on  reaction  is  about  40%  accompanied  by  a  downstream  shift.  The  zero  velocity  location  remains  about 
the  same  however;  the  larger  velocities  in  the  downstream  part  arc  indicative  of  the  lower  gas  densities  due  to  reaction.  The  differences 
between  the  two  chemistry  models  is  rather  slight  in  the  primary  zone  upstream  of  the  jets  (about  10%  maximum)  indicating  that  the 
mean  density  fields  must  be  predicted  to  be  quite  similar.  At  the  can  exit  differences  of  some  20%  occur  with  the  laminar  flamclet 
model  giving  rise  to  lower  velocities;  this  is  in  accord  with  the  instantaneous  curves  which  show  larger  densities  in  the  flamelet  model. 
Other  features  which  are  influenced  only  via  a  bulk  property  such  as  mean  density  shown  similar  trends;  the  predicted  mixture  fraction 
field  for  example  shows  changes  of  order  20%  in  the  near  fuel  injector  region  and  at  exit  differences  are  of  order  10%  with  the  flamclet 
predictions  showing  a  slightly  more  mixed  out  profile,  shape. 

The  changes  in  flow  field  structure  due  to  combustion  are  further  illustrated  in  Figures  6  and  7.  These  show,  for  two  planes  one 
axial  (0^30°,  jet  emry)  and  one  radial  (x=48mm),  predicted  streaklme  patterns  tor  weightless  particles  tracked  through  the  respective 
planes  for  a  time  of  0.4  msec  (Figure  6)  and  0.2  msec  (Figure  7).  The  primary  zone  vorlex  is  clear  to  see  in  both  isothermal  (6a)  and 
burning  (6b)  calculations  (only  equilibrium  results  are  included  due  to  the  close  similarity  observed  above).  Two  features  may  be  noted 
on  closer  insjH*ciion:  under  burning  conditions  the  Swirler  air  seems  to  penetrate  slightly  further  axially  before  being  forced  against  die 
combustor  backplate  and,  perhaps  due  to  this,  the  dilution  jet  penetration  is  slightly  less  radial  in  the  combusting  flow.  In  spue  of  this, 
in  both  cases,  almost  complete  penetration  is  obtained  to  the  can  centre  line  before  the  jet  fluid  acquires  finite  swirl  momentum  (see 
Figure  7a  and  7b);  some  evidence  exists  lor  larger  jet  spreading  in  the  case  of  combustion,  but  on  the  whole  die  flow  structure  is  rather 
similar. 

It  may  be  expected  that  properties  such  as  gas  temperature  and  composition  are  more  sensitive  to  changes  in  the  chemistry 
model.  These  features  of  the  current  predictions  are  examined  in  Figures  8  to  10  for  the  two  stations  in  the  primary  zone  marked  on 
Figure  4.  Station  I  is  halfway  between  swirlcr  exit  and  dilution  jet  entry  and  station  II  is  at  the  jet  entry  cross-scction,  at  station  1  the 
flow  j$  still  fairly  axi-symmetne.  but  at  station  II  significant  three  dimensionalities  occur  and  predictions  are  examined  for  two  0 
planer,  one  through  the  jet  centre-line  and  one  mid-way  between  jets.  Figure  8  indicates  that  the  temperature  predicted  by  the  two 
models  at  the  first  station  can  differ  by  up  to  300K  The  maximum  temperatures  are  only  some  50K  different  and  are  in  the  same  radial 
location,  but  nearer  the  centre-line  the  flamelet  model  predicts  considerably  lower  temperatures.  The  waviness  in  the  equilibrium 
predictions  occurs  because  at  this  location  there  are  two  positions  where  the  mixture  fracuon  goes  through  a  stoichiometric  value,  and 
the  fluctuations  arc  not  large  enough  to  smooth  out  the  profiles;  this  also  nappens  in  the  flamelet  predicuons  but  because  of  Lhe  sligh/ly 
different  mixture  fraction  field,  not  at  the  station  plotted.  Further  downstream  the  temperature  comparisons  for  ilic  between  jets  plane 
(9a)  shows  much  similarity  with  the  earlier  profiles,  not  surprisingly  since  this  plane  forms  the  exit  route  from  the  primary  zone.  For 
the  plane  through  the  jets,  the  jet  entry  can  be  cleaily  identifrd  with  the  low  temperatures  down  to  a  radius  of  about  30nun. 
subsequently  the  shape  of  (lie  profile  is  similar  in  both  models,  with  again  the  equilibrium  model  showing  higher  temperatures. 

The  most  important  ^iccies  concentration  to  examine  in  the  present  context  is  the  CO  mole  fraction;  this  is  shown  for  the  two 
station  11  planus  in  Figure  10  The  between  jets  profile  (10a)  displays  differences  which  are  in  keeping  with  observations  made  in 
Reference  9  for  open  jet  diffusion  flames.  In  fuel  rich  regions,  the  flamelet  model  produces  CO  levels  considerably  lower  than  the 
equilibrium  model  and  more  in  keeping  with  values  expected  from  measurements  in  tliis  kind  of  flow  (Reference  17);  closer  to  the  fuel 
injector  similar  behaviour  prevails.  The  comparison  between  mole  fractions  shows  exactly  the  same  differences.  Note  also  that  the 
maximum  CO  levels  differ  by  a  factor  of  3  which  is  a  reduction  from  the  instantaneous  curves,  and  this  is  probably  the  effect  of  scalar 
fluctuations.  In  the  equilibrium  model,  practically  zero  CO  exists  at  exit,  the  maximum  value  being  about  120ppm.  For  the  flamelet 
model,  however,  under  the  conditions  of  this  calculation,  a  maximum  mole  fraction  at  exit  of  some  10,000  pp:n  was  obtained.  These 
figures  illustrate  that  neither  of  these  models  is  capable  of  predicting  CO  emission  levels  since  values  more  like  1000  ppm  might  be 
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expected  (Reference  17).  Since  *hr  flamelet  model  was  found  to  agree  well  with  laminar  diffusion  flame  data  m  the  equivalence  ratios 
existing  at  the  combustor  exit  (sec  Reference  10),  then  it  is  dear  that  additional  non-equilibrium  eftecis  may  be  present  in  the  present 
flow  field  which  contains  rapid  air  addition.  This  may  require  direct  finite  rate  effects  to  be  taken  into  account  before  reasonable 
emissions  may  be  predicted. 

Finally,  although  unstretchcd  laminar  flnmelei  profiles  have  been  used  here,  it  is  instructive  to  examine  to  what  extent  flame 
stretch  might  influence  the  present  predictions.  Figure  1 1  quantifies  this  by  examining  the  predicted  mean  scalar  dissipation  rate  (the 
final  term  in  the  modelled  scalar  variance  equation  divided  by  the  mean  density)  for  the  8  =  30°  plane.  High  values  are,  not 
surprisingly,  obtained  in  the  region  of  fuel  injection  where  scalar  gradients  are  large,  but  also  in  the  shear  layer  bordering  rhe  upstream 
edge  of  the  inflowing  dilution  jet  Reference  13  quotes  a  value  of  about  50  sees'1  to  be  necessary  to  imply  significant  stretching 
leading  to  local  quenching.  If  tin.  value  is  taken  then  only  a  very  small  region  near  the  fuel  injector  is  implied  as  being  affected  by  the 
present  calculations.  A  much  lower  value  (5  sees’1)  is  given  in  Reference  1 2,  but  even  this  would  not  include  even  25%  of  the  pimary 
zone  volume.  These  remarks  should  however  be  taken  with  some  caution  since  no  allowance  has  been  made  to  take  fluctuations  into 
account  in  this  assessment,  to  examine  over  what  region  the  instantaneous  scalar  dissipation  rate  might  exceed  these  critical  values- 
This  would  require  some  assumption  as  to  the  probability  distribution  for  the  scalar  dissipation  iatc  and  1ms  not  yet  been  attempted 
Furthcr,  it  may  also  be  that  quenching  in  only  a  small  but  critical  region  near  the  fuel  injection  is  sufficient  to  cause  changes  over  a 
much  larger  area,  but  this  conjecture  awaits  confirmation  from  further  calculations. 


4  CONCLUSIONS 

The  main  findings  of  the  current  work  may  be  summarised  as  follows: 

1.  For  a  combustor  flowticld  containing  many  typical  features  a  laminar  flamclet  model  has  been  successfully  incorporated 
allowing  a  quantitative  comparison  with  the  commonly  used  equilibrium  approach 

2. LittIc  changes  in  the  predicted  mean  density  field  were  observed  on  changing  the  chemistry  model,  leading  to  differences  of 
only  some  10-20%  in  such  quantities  as  mean  velocity  and  mixture  fraction  predictions. 

3.  Much  larger  differences  were  observed  in  predicted  gas  temperatures  (up  to  4(X)K)  and  species  composition-  CO  and  Mi 
levels  in  particular  were  significantly  reduced  in  me  fuel  rich  regions  of  the  primary  7nne,  as  was  expected  from  open  diffusion  Domic 
calculations. 

4.  Neither  model  could  predict  reasonable  emission  levels  of  CO  and  further  attention  is  plainly  needed  here  to  incorporate  finite 
rate  kinetic  effects  for  combustor  flows. 

5.  Although  the  flow-field  predicted  corresponded  to  the  high  intensity  loading  and  large  fluctuations  found  in  typical 
combustors,  relatively  little  evidence  was  found  for  large  flame  stretch  effects,  although  only  preliminary  and  incomplete  investigations 
could  be  made  on  this  issue. 

6.  The  flamclet  approach  did  seem  to  improve  the  realism  of  the  primary  zone  repr-semaiion,  although  final  confirmation  of  this 
requires  comparison  with  experimental  data,  and  this  is  planned  fci  future  work. 
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Figure  1  Density  and  Temperature,  Figure  2  CO  and  C02  rnole  fi action, 
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Figure  3  02  and  Hydrocarbon  mole  fractions. 
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Figure  4  Combustor  geometry  and  flow  conditions 


Figure  5  Axial  velocity  profile  along  combustor  centre-  line 
isothermal  and  reacting  flow. 


Figure  6b  Predicted  streaWines,  e -  30°  .combusting  flow. 


isothermal  flow. 
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Figure  10b  CO  mole  fraction  profile  at  station  II,  8  -  30°. 


Figure  1 1  Predicted  mean  scalar 
dissipation  rate,  0  -  30°. 
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DISCUSSION 


H.EickhofT,  GE 

Do  you  have  criteria  for  the  laminar  flamelet  model  to  apply  to  conditions  typical  of  gas  turbine  combustion  in  terms  of 
scales  of  length  and  time,  which  arc  chaiactcristic  of  the  turbulence  and  of  the  flamelcts? 

Author's  Reply 

I  have  been  assured  that  the  Reynolds  and  Damkohlcr  numbers  arc  similar  in  gas  turbinecornbustors  to  those  occurring  in 
turbulent  jet  diffusion  flames,  where  the  laminar  flamelet  model  has  been  shown  to  work  well  1  have  not  performed  any 
additional  calculations  to  examine  the  applicability  of  the  flamelet  approach  to  combustor  flows  in  particular. 

F.H.Wild,  UK 

Can  you  say  how  dependent  your  predictions  arc  on  the  form  of  the  assumed  PDF?  How  well  can  a  2  parameter  model 
represent  th«s  PDF?  For  example  at  the  point  where  the  primary-  jet  enters  the  flow  field  and  where  intermitteney  in 
mixture  fraction  might  be  expected. 

Author’s  Reply 

The  predictions  are  known  to  be  very  sensitive  to  the  use  of  a  PDF  in  the  first  place;  the  neglect  of  a  PDF  can  cause  large 
changes  to  the  flow  field  and  its  effect  on  mean  temperature  and  species  composition.  Some  comparisons  have  been  made 
between  the  use  of  a  B-functiott  and  a  dipped  Gaussian  form  for  the  POP";  the  results  show  some  solid  differences,  but 
nothing  as  large  as  neglecting  the  functions  altogether.  As  long  as  the  PDF  shape  is  not  bi-modal,  then  in  principle  a  B- 
function  can  represent  a  wide  range  of  shapes;  how  accurately  this  is  achieved  depends  on  the  correctness  of  the 
prediction  of  the  mean  and  variance  of  the  scalar.  Fora  combustor  flowficld,  we  have  no  evidence  based  on  experimental 
measurements  that  the  variance  is  predicted  well.  It  is  possible  to  modify  the  PDF  to  allow  for  imermittcnce  effects 
although  this  is  much  more  likely  to  be  important  in  free  jet  diffusion  flames  than  in  a  confined,  highly  turbulent  combustor 
flow. 


A.Willianis,  UK 

The  existing  data  for  flamelcts  -.alculutions  comes  from  quite  large  laminar  diffusion  flames.  We  have  burned  very-  small 
gaseous  stationary  diffusion  flumes  rated  at  about  0.25  W  (which  we  claim  to  be  the  smallest  stationary  flame  possible)  and 
there  is  a  considerable  change  in  behaviour  compared  with  larger  flames.  There  is  a  greater  influence  of  fuel/oxidant 
interpenetration  with  consequential  effects  on  CO  and  smoke.  Would  you  please  comment  on  whether  you  believe  that 
this  approach  may  be  useful  in  turbulent  combustion. 

Author’s  Reply 

I  believe  there  is  evidence  in  the  cui  rent  predictions  that  the  laminar  flamelet  profile  used  is  not  ideal  for  this  kind  of  flow; 
it  undcrprcdicts  CO  frhifts  in  rich  regions  and  overpredicts  considerably  in  lean  regions-  It  is  difficult  to  know  whether  this 
is  due  to  an  inappropriate  flamelet  profile,  or  due  to  a  limitation  of  the  flamelet  approach  altogether  for  combustor 
flowficlds.  I  do  r.ot  know  whether  the  flamelet  profiles  you  arc  referring  to  would  remedy  these  defects,  but  it  is  difficult  to 
see  why  data  from  very  small  flames  should  be  more  relevant  to  ombustor  flows  than  large  laminar  flame  data.  Much 
more  relevant  would  be  a  flamelet  profile  derived  from  a  lamina.  flame  which  approached  the  rapid  rates  of  dilution 
found  in  combustor  flows,  although  it  is  difficult  to  conceive  of  such  a  flow.  Even  if  this  were  possible,  the  laminar  flame 
calculations  might  no  longer  collapse  to  give  a  unique  flamelet. 
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NOMENCLATURE 

an#bn  optical  coefficients  (complex) 

B  mass  density  (particle  loading)  (kg/m*) 

Cext  equivalent  extinction  cross-section  (m?) 

Csca  equivalent  scattering  cross-section  (m3) 

d  particle  diameter 

I  radiative  intensity  (W/m3) 

black-body  radiative  intensity  distribution  (Plank's  function) 
Kft  absorption  coefficient  (m"*) 

Ksca  scattering  coefficient  (m-1) 

Kext  extinction  coefficient  (m**1) 

L  equivalent  thickness  (m) 

m  particle  refractive  Index  =  n-ln*1^ 

N  particle  number  density  (rn’s) 

Qsc&  scattering  efficiency 

Qext  extinction  efficiency 

sea  back-scatter  efficiency 

T  temperature  (°K) 

X  particle  parameter  =  ^ 


Greek  symbols 

At  mean  free  path  between  particles 

X  wavelength 

o  density 


1.  INTRODUCTION 

Radiative  heat  transfer  in  combustion  chambers  is  strongly  influenced  by  the  pre¬ 
sence  among  the  gaseous  combustion  products  of  solid  particles  of  various  size  and  che¬ 
mical  compositxon  such  as  soot,  char  and  fly-ash.  The  particle  parameters  of  these  pro¬ 
ducts  are  of  great  importance  for  the  calculation  of  radiative  heat  transfer  and  insuffi¬ 
cient  knowledge  of  their  magnitude  can  often  lead  to  erroneous  simplifications.  The  im¬ 
portance  of  absorption  or  scattering  phenomena  in  radiative  transfer  is  also  sometimes 
misinterpreted . 

It  is  the  aim  of  this  work  to  provide  computational  data  in  order  to  demonstrate  and 
explain  the  importance  of  solid  particles,  present  in  the  combustion  products,  on  absorp¬ 
tion  and  scattering  phenomena  occur ing  in  the  radiative  heat  transfer, 

2 .  THEORETICAL  CONSIDERATIONS  FOR  THE  CALCULATION  OF  RADIATIVE  HEAT  TRANSFER 


It  is  generally  accepted  that  the  radiative  behaviour  can  be  well  represented  by  the 
emissivity,  e.  The  emissivity  of  a  mixture  of  substances  is  calculated  from 

*1+2  =  l-a-e1)(l-e2) 

For  the  general  case  of  the  mixture  of  combustion  products  we  have 

Etot  -  1-<1-£ga5»,1-esoot'(1-echar'(1-EaBh;  1/1/1  111 

The  gas  emissivity  Eaas  depends  on  the  CO2  and  H2O  concentrations,  pressure  and  tem¬ 
perature  and  is  calculated  from  well  known  relations  (/!/ ,/2/f /3/> . 

In  order  to  evaluate  the  solid-particlc  emissivities  an  one-dimensional,  two-flux 
model  has  bjen  used  for  the  solution  of  the  transfer  equation  of  radiative  intensity  in 
a  slab  (Fig.]),  a  technique  which  has  also  been  applied  by  many  authors  ( /4/,/5/,/b/,/7/ , 
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/8/,/3/J. 


F: q . 1  :  2-Flux  model  for  a  particle  slab. 


«+  _ 
dx 

(-ke. 

I++K£.sI+'>KPsI-+KA-2S-: 

dl_ 
dx  * 

«'ke 

1-+Kf  .SI-+KBSI+‘,KA‘!2F': 

The  particle  emlssivity  has  been  calculated  as 

P  o.^ 

n 

Neglecting  the  scattering  effects  we  find  the  well  known  expression: 

e  =  l-exp(-KA.L) 


(2) 


(3) 


(4) 


3.  OPTICAL  CHARACTERISTICS  OF  SOLID  PARTICLES 

Because  of  the  insufficient  data  existing  for  the  various  chars  occuring  in  combus¬ 
tion,  our  efforts  have  been  focussed  on  the  more  accurate  calculation  of  soot  and  ash  e- 
missivities . 


3 . 1  Fly-ash  Particles 

The  applicability  of  Ki«-Lheory  Cor  the  calculation  ot  absorption,  scattering  or  ex¬ 
tinction  coefficients  (KA,Ks,KE)  can  only  be  justified  after  investigation  of  the  ratio 
</10/»/ll/)  where  c  =  bl-d  with  the  definition  of  the  sympbojs  given  in  the  beginning 
of  th_;  paper. 


It  should  be  noted  that  when  ^  < 
for  particle  clouds. 


0.3,  single-particle  characteristics  can  be  used 


For  every  wavelength,  the  optical  efficiency  ^  is  calculated  according 
Mie-theory  from  the  following  relations  (/12/,/13/i s 

•  /N 

C  =  (4^-1  Y  (2n+]l(lrc  I  **  ( f  I1} 

Si.5  in  /  ■  ■  n  ■  •  n 1 


(5) 

to  the 


L 

n=l 


^  =-  sea 

*sca  '  nd \ 

4 


Cext  "  l 

n-l 

«B,sca  "  h  I  [  (?nUl(-l)n<an-bn)M 


^ext  nd 1 


(7) 


(8) 


The  results  of  this  calculation  (see  Fig. 2)  have  been  compared  with  the  experimen¬ 
tal  data  of  / 14/, /IS/  and  have  shown  a  very  good  agreement  in  Q  and  O  and  a  slight 

overestimation  of  Qn  . 

o ,  sea 

A  has  been  integrated  cn  the  black-body  emissive  power  distribution  giving 


(9) 


Jo0l.\'JVdA' 


This  integration  led  to  a  temperature  dependence  of  Q^,  as  it  is  shown  in  Figure  3. 
3 . 2  SootParticjes 


The  efficiency  factors  for  soot  particles  can  be  generally  calculated  from  the  Mic- 
theory-  Due  to  the  small  diameter  of  the  soot  particles,  the  Rayleigh  theory  has  also 
been  tested  here.  Computations  have  been  performed  for  extinction,  absorption  and  scat¬ 
tering  cross-sections  according  to  three  different  theoretical  concepts: 

—The  Mie-theory  as  described  by  egn. (6) , (7) , (8) . 

—The  Rayleigh  theory  which  is  applicable  for  small  particles  </13/). 

—Widely  used  approximations  suggested  by  Hawks ley  et  al. (/3/,/16/,/17/J ,  considering 
only  the  absorption  efficiency  factor. 

The  obtained  monochromatic  results  were  integrated  according  to  egn.iS).  The  exist¬ 
ing  differences  between  the  Hie  and  Rayleigh  theory  for  the  cases  of  small  wavelengths 
(\  £  2um)  became  negligible  with  increasing  wavelength  (Fig. 4).  The  integration  however 
over  the  black -body  intensity  distribution  function  causes  serious  discrepancies  between 
the  two  assumptions  leading  to  an  overestimated  value  for  0  according  to  Rayleigh 
theory  (Fig. 5,  5a).  sca 

4.  RESULTS  AND  DISCUSSION 


According  to  the  previous  analysis,  we  could  determine  the  following  parameters  as 
the  most  important  factors  influencing  the  solid  particle  emissivity. 

-  The  particle  size  parameter,  X  -  ^ 

-  The  particle  refractive  index,  m  =  n-in*1^ 

-  The  equivalent  thickness,  L  (mean  beam  length) 

-  The  forward  to  backward  scattering  ratio 

-  Particle  number  density  N  (l/ms)  or  mass  density,  B  (kg/ms) 

-  Particle  density,  p 

The  effects  of  these  parameters  on  the  particle  emissivity  as  well  as  on  the  total 
cittlaalvity  of  a  particle-gas  mixture  have  been  investigated,  and  a  sample  of  the  results 
as  presented  here. 

Figures  6  and  7  present  the  vaiiation  of  particle  emissivity  with  and  without  scat¬ 
tering  versus  loading  for  various  temperatures.  From  these  figures  together  with  further 
calculations  T«erformed  with  loadings  greater  than  0.5  kg/m5  can  be  seen  that,  for  both 
with  and  wi\  ■  ut  scattering,  the  particle  emissivity  tends  to  a  constant  value  for  load¬ 
ings  beyond  0.8  kg/m5  which  remains  temperature  dependent,  as  it  is  also  indicated  by  e- 
gudtlon  (9), 

The  calculations  of  Figure  8  show  that,  as  the  optical  density  is  increased, the  ef¬ 
fects  of  scattering  become  more  important  for  the  particle  emissivity  than  for  the  cases 
without  scattering.  Namely,  scattering  effects  can  only  be  neglected  in  calculation  pro¬ 
cedures  for  low  values  of  optical  densities. 

It  should  be  noted  here,  that  the  isotropic  scattering  assumption  usually  overesti¬ 
mates  the  scattering  effects  for  large  particles.  This  can  be  seen  from  comparisons  with 
experimental  data  for  fly-ash  particles,  extracted  from  ref./7/.  However,  neglecting 
scat.tering-ef fects  totally,  can  lead  to  more  serious  errors  than  assuming  isotropic  scat¬ 
tering. 

Figure  9  presents  the  total  emissivity  dependence  for  various  particle  loadings  of 
gas/fly-ash  mixtures.  It  can  be  seen  that  for  particle  loadings  below  C.05  kg/m1, as  the 
temperature  increases  the  total  emissivity  decreases.  For  particle  loadings  above  this 
value  the  temperature  dependence  is  negligible.  The  observed  temperature  dependence  is 
the  result  of  two  counter-affecting  phenomena:  of  the  known  reciprocal  influence  of  the 
temperature  increase  on  the  gas  emissivity  (i.e.  for  gases,  as  the  temperature  is  increas¬ 
ed  emissivity  decreases)  and  of  the  analogous  influence  of  temperature  on  the  particle 
emissivity  (i.e.  for  particles,  increasing  the  temperature  increases  also  the  emissivi¬ 
ty)  as  shown  in  figures  6  and  7. 

in  Fig. 10  the  dependence  of  so<  t  emissivity  on  temperature  is  presented.  As  it  is 
shown  the  soot  emissivity  increases  with  increasing  temperature.  The  practical  indepen¬ 
dence  between  scattering  and  soot  emissivity  is  confirmed  from  the  related  table. 
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5.  CONCLUSIONS 


•  The  important  factors  affecting  the  radiative  behaviour  of  particles  in  particle- 
laden  flows  have  been  established  and  investigated. 

•  Scattering  effects  can  only  be  neglected  in  calculation  procedures  for  low  values  of 
optical  densities. 

•  For  particle  loadings  above  0.05  Kg/m*  the  total-emisaivlty  becomes  temperature  in¬ 
dependent  for  Fly-ash  particles. 

•  For  particle  loadings  above  0.8  kg/m’  the  particle  emissivity  is  no  longer  affected 
by  the  increase  of  loadings  for  Fly-ash  particles. 

•  Detailed  calculation  of  soot  emissivity  has  shown,  that  scattering  phenomena  are  of 
no  practical  importance  on  soot  emissivity. 
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Fig- 2  :  Extinction  and  scattering 
efficiencies  as  related 
to  wavelength  X. 
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Fi<3. 3  :  Variation  of  average  efficiencies 
for  fly-ash  particles  with  tempe¬ 
rature  . 
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Abstract 

Thia  paper  describes  some  aspects  of  our  effort  to  analyze  turbulent  combustion  on  the  basis  of  an 
extension  of  the  coherent  Flame  model  initially  proposed  by  Marble  and  Broodwell. 

At  thia  stage  the  model  comprises  0  local  description  (f lamelcts)  and  a  global  representation  of  the 
turbulent  flow-field  including  a  balance  equation  for  the  mean  flame  area  per  unit  volume. 

The  flamelets  ere  non-adiebet ic  prefixed  strained  flames,  a  model  suggested  hy  Libby,  l  inim  and 
Williams.  Complex  chemistry  calculations  have  been  carried  out  for  a  large  number  of  propane-air  flames 
and  a  large  data-beoo  of  flamelets  ia  being  constructed.  Iheae  calculations  provide  consumption  rates, 
extinction  and  ignition  characteristics  which  are  uned  in  the  global  turbulent  calculation  to  model  the 
mean  reaction  terms.  Numerical  results  obtained  for  turbulent  premj-ed  f lames  stabilized  in  s  duct  are 
discussed. 

Experiments  performed  on  a  model  combustor  provide  distributions  of  the  mean  heat  release  rate.  These 
distributions  are  compared  with  those  determined  numerically.  Thia  coniparleon  indicates  that  the  coherent 
flame  description  accounts  for  important  feuturca  found  in  the  experiment. 


1.  INTRODUCTION 

Many  recent  studies  of  turbulent  combustion  are  based  on  flume-let  models.  In  these  models  the 
turbulent  reaction  zone  is  viewed  os  a  collection  of  laminar  flame  elements  (flamelets)  embedd"d  in  thn 
turbulent  stream  (Williams  1975,  Carrier  ct  al.  1975,  Marble  end  Broadwell  1977,  1979,  Pete.-s  1984,  1986, 
Bray  1906,  Spalding  1978,  Bray  et  ol.  1984,  Clavin  and  Williams  1982). 

An  advantage  of  thia  concept  ia  that  it  essentially  decouples  complex  chemistry  calculations  from  the 
turbulent  flow  description.  Chemical  kinetics  end  multi-component  transport  properties  may  be  treated 
separately  and  the  results  of  the  local  flamelet  analysis  are  then  included  In  the  calculation  of  the 
turbulent  flow  field-  In  practical  applications  a  flamelet  library  (date  base)  is  first  constructed  nnd 
provideo  specific  properties  such  on  the  consumption  rates  per  unit  flame  area,  ignition  ond  extinction 
conditions  that  are  required  in  the  compulation  of  the  turbulent  flow  field.  Because  chemical  kinetics  ere 
explicitely  treated  it  is  expected  that  thin  approach  will  be  able  to  describe  ity  influence  on  the 
turbulent  flame  structure- 

Flnmelnt  modclb  arc  believed  to  provide  a  viable  dusuripl ion  ur  turbulent  cumbust iun  in  the  range  ot 
large  Darokohler  numbers  end  for  flows  characterized  by  typical  length  scales  which  ore  much  larger  than 
the  typical  fleme  thiqkncon  (Peters  1906,  Bray  1986.  Rorghi  1905,  Williams  1905).  Another  limit  of  the 
flamelet  regime  may  result  from  quenching  mechanisms  due  to  the  turbulent  fluctuations.  According  to  some 
authors  (Rorghi  1985,  Williams  1985,  Peters  1986)  the  turbulent  flame  structure  is  modified  if  the 
kolmogorov  length  scale  2^  becomes  laryer  than  the  fleme  thickness.  II  is  indicated  that  in  that 
situation  the  smallest  eddies  enter  into  the  Inner  fleme  structure  snd  that  the  rates  of  strain  associated 
with  these  eddieo  locally  quench  the  flamelets-  This  is  a  regime  uf  distributed  reaction  in  which  Lhe 
flamelets  have  lost  their  identifiable  structure.  While  sumc  author  believe  that  this  regime  ennnot  be 
deocribed  by  flamelet  models,  others  suggest  that  flame  quenching  and  the  subsequent  mechanisms  ond 
modifications  of  the  reactive  flow  may  be  treated  with  flamelet  descriptions-  The  questicn  is  not  settled 
because  very  little  is  actually  known  on  the  structure  of  the  turbulent  small  scales  and  on  their 
interaction  with  flemeo.  Thi9  puinl  may  be  examined  with  detailed  numerical  simulations  but  the  current 
understanding  remains  essentially  intuitive  and  speculative.  Relevant  con  t  r  i  but  i  ono  dealing  with  these 
aspects  are  due  to  Williams  (1975.  1905),  Broadwell  and  Brcjdenthel  (1982),  Peters  (1984,  1906),  Rorghi 
(1985),  Bray  (1986).  further  comments  on  the  problem  of  flame  quenching  and  on  its  modelling  are  given  in 
Section  2  of  this  paper- 

while  the  domain  ut  application  of  flamelet  models  cannot  he  precisely  defined  at  this  time  one  may 
nay  that  8UCh  models  are  generally  valid  in  the  range  of  large:  Damknhler  numbers.  The  typical  turbulent 
scale  muet  also  be  much  larger  than  the  Home  thickness.  These  two  conditions  ere  certainly  satisfied  in 
many  practical  situations  and  flamelet  models  ore  relevant  at  least  in  a  portion  of  the  domain  uf 
operation  Of  1C  engines  and  of  continuous  flow  combustors-  leaving  aside  further  diaeuHgions  of  thiu  point 
let  us  consider  some  of  the  problems  encountered  in  the  construction  of  flamelet  models-  These  pruulems 
are  rel  ited  t.u  the  basic  ingredients  of  such  models  : 

(l'  The  laminar  flamelet  submodel  (or  submodels)  providing  the  local  utructure  and  properties  ot  the 
react i ve  elements. 

(2/  The  description  of  the  turbulent  flow  based  on  dynamic  equations  for  the  flow  variables  and  the  main 
species  and  the  relevant  closure  rules. 

(3)  The  rule  or  rules  or  additional  balance  equations  which  ore  flamelet  submodels  into  the  turhulcnt  flu*# 
descript  ion. 


+  Also  with  ONERA,  92322  ChatilJon 

s  On  leave,  Department  of  Mschanical  Engineering,  EI.C.  Berkeley,  Berkeley  CA. 
*  Also  with  UA  860,  CNR5,  University  do  Paris  VI,  75252  rarls 


33-2 


(4)  Any  additional  submodel  accounting  for  chemical  reactlona  taking  piece  outside  the  flemeleta. 

There  are  many  alternative  ways  of  specifying  these  elemento-  Some  methods  ere  reviewed  in  Peters  (1984, 
1986)  and  in  Bray  (1986).  Our  nwn  work  is  based  on  the  cofiprpnt  flame  model  initially  proposed  by  Marble 
and  Broedweil  (1977)  for  the  anelyais  of  nonp re mixed  combustion-  Fundamental  ideas  of  thja  model  are  alao 
contained  in  an  earlier  study  due  to  Carrier,  Tendril  and  Marble  (I97i>).  These  investigstiona  augge3t  that 
turbulent  combustion  of  unmixed  reactants  ia  controlled  in  the  early  stages  by  a  competition  between 
Straining  of  the  flame  elements  and  mutual  annihilation  of  flame  area  due  to  the  interaction  of 
neighbouring  reactive  elements.  The  coherent  flame  model  recognizes  oome  other  important  features  of 
turbulent  combustion  such  os  the  production  of  flame  area  by  stretching  ond  its  dcotruction  b>  flame 
shortening  (mutual  annihilation).  Because  these  mechanisms  are  important  in  the  large  scale  coherent 
motions  found  in  turbulent  sheer  flows,  the  model  accounts  in  some  sense  for  thebe  organized  f luctuet ions. 

Our  own  effort  has  been  to  extend  the  coherent  flame  description  to  premixed  flow  configurations 
(Candel  «?t  at-  1982,  Derabihe  1984,  Darsbiha  et  el*  1QB6,  Derebihe  et  al.  1997a)  and  to  explore  its 
potential  in  nonpremixsd  situations  (Veynantc  et  nj.  1986,  l acaa  et  al.  1987).  The  present  paper  reporta 
on  our  progress  in  this  entreprl3e.  The  current  state  of  the  model  is  described  and  comparisons  between 
calculations  and  experiments  are  provided  in  the  case  of  a  turbulent  flame  stabilized  in  a  duct.  From  the 
many  experiments  performed  in  this  configuration  we  will  only  examine  the  flow  structure  ohteined  from 
echlieren  visualizations  and  spatial  distribution-  of  the  light  emission  from  C2  radicals.  These 
distributions  may  be  interpreted  as  giving  a  qualitative  mapping  of  the  local  mean  heat  release  in  the 
turbulent  flame  and  they  are  compared  with  distributions  of  the  mean  source  terms  obtained  from  the  model. 
This  comparison  ties  obvious  Imperfections  hut  it  also  constitute*:  an  original  test  of  turbulent  combustion 
models.  It.  is  of  special  interest  because  it  deals  with  the  mean  source  term  appearing  in  the  right  hand 
side  of  the  energy  balance  eqnattun.  This  differs  from  the  mors  common  tests  performed  in  the  literature 
on  velocity,  temperature  and  species  mBse  fractions  all  of  which  are  only  indirectly  relateo  to  the 
modeled  source  terms-  Because  these  variables  are  the  outcome  of  on  integration  process  they  are  less 
sensitive  to  the  modeling  assumptions  and  do  not  allow  a  direct  evaluation  of  the  Cumbu3t ion  models  ond  do 
not  give  access  to  the  source  terms-  Accurate  representations  of  the  mean  source  terms  are  however 
essential  if  one  wishes  to  describe  the  effects  of  chemical  kinetics  or  Reynolds  number  on  the  structure 
of  the  turbulent  flame. 

To  provide  the  proper  bockground  to  this  study  the  basic  elements  of  lie  coherent  flame  model  ere 
reviewed  in  Section  2.  Special  ottention  is  devoted  to  the  balance  equation  describing  the  tranaport  of 
flame  area-  This  equation  put  forward  by  Marble  and  Brondwcll  is  derived  and  adopted  to  the  premixed  flow 
ca9e.  Production  of  flame  area  by  stretch  and  destruction  by  mutual  annihilation  are  given  further 
conoiderat ion.  The  effect  of  flame  quenching  on  the  balance  uf  flame  urea  is  discussed  and  a  model  ig 
proposed  for  this  mechanism. 

Important  features  oF  strained  premixed  flames  with  complex  chemistry  are  examined.  Calculations  of 
strained  propane-air  flemelcls  under  adiabatic  and  non  adiabatic  cunditions  ere  discussed* 

Fxperi mental  reoult9  for  premixed  ducted  flames  are  pre3Pnted  in  Section  >.  Results  of  calculations 
for  the  oumi:  cuuf iyuiaLiun  are  pieueiileu  in  Section  **  and  compared  to  tnc  measurement 3  contained  m 
Section  3. 

2.  BASIC  CLEMLNTS  l#  THE  COHERENT  FtAME  MODEl 

The  coherent  flame  model  adopts  the  view  that  the  turbulent  react  ion  field  may  be  described  ns  e 
collection  of  laminar  flamelets-  The  flamvletu  are  transported  and  distorted  by  the  turbulent  stream  hut 
each  f  1  n me  1  et  retains  on  identifiable  structure.  Tn  this  8erioe  the  flamelets  remain  "coherent"  (i*e. 
organized).  A  rough  sketch  of  this  situation  is  glvon  in  Fig.  1.  A  flomclet  embedded  in  this  flcwficld  ia 
essentially  affected  by  the  IocbI  strain  rate.  The  flamelet  structure  is  modified  ami  the  local  reaction 
rate  per  unit  flame  area  may  be  obtained  from  an  analysis  of  strained  laminar  flamea.  The  aimplert 
geometry  allowing  this  analysis  ia  shown  in  Fig.  Ic. 

The  turbulent  motion  and  the  naoociatcil  field  of  strain  reteu  olao  hnn  the  effect  of  increasing  the 
available  density  of  flame  Burfacc.  The  production  of  flame  urea  in  balanced  by  various  destruction 
mechanisms  such  as  flame  shortening  (mutual  annihilation  of  adjacent,  flamelets)  and  I  lame  quenching. 

arc  most  specific  end  apparently  leas  well  known  ouch  u u  th  ■  bu lance  of  flame  apeu. 

2.1  Turbulent  Flow  description 

The  description  of  the  turbulent  reacting  flow  employs  standard  ma;i9-ovcreged  balance  equations. 
Using  standard  notation3  to  designate  the  density,  velocity  components,  pressure  enthalpy  und  specieo  moas 
fractions  these  equations  may  be  east  in  the  form  1 


Overall  mass 


dp/di  -l-  OpVk/dxk  =  0 


3pVj/<)t  t  d'pVkVj/<)xk  =  -  3P/3xj  +  d(-pVk'Vj  "|/Atk 
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Energy 

H 

dphfVdt  +  ^pV^h^/dx]^  3P/dt+  d(-pVj-"h"  )/5x^  -  4C  hf° jWj 
Species  '** 


(3) 


apYt/at  +  apv^/dxj^  =  ^(-pvk  "Yj-j/axk  +  wt 


(4) 


In  writing  these  equations  Tor  high  Reynolds  number  flowB  it  haB  been  esaumed  that  mulcculgr  fluxes 
could  be  neglected  with  respect  to  the  turbulent  fluxes. 


Ptsm*  at  tlm*  \ 
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Two  distinct  types  of  closure*  models  are  required  to  obtain  a  complete  set  uf  balance  equal  ions.  The 
firBt  closure  model  concerns  the  momentum,  enthalpy  and  species  transport  terms  ( i  .e.*fvk'vj- *  l’vk'Ti', -pVkV)  ^ 
4  conventional  second  order  closure  baaed  on  t reimport  equations  for  the  turbulent  kinetic  cneryy  mid  the 
dissipation  is  uaed  in  «hi3  study.  Thooe  equations  have  we)1  known  j  m(ierf eel i ons  but  they  ere 
provisionally  adopted  because  they  provide  on  acceptable  description  of  turuulent  trunapm-t  in  simple  How 
eonfigurat ions. 

The  oceor.d  elooure  model  concerns  the  mean  reaction  terms  W;  .  The  corresponding  closure  problem  has 
been  the  subject  of  many  atudiea  and  rcoearch  in  thia  area  is  reviewed  in  the  tnonogrephy  of  libby  and 
Williams  (198C)  end  in  nrticleo  due  to  Gorghi  (1979),  Dray  (1900,  1906),  Peters  (1904,  1906)  Jones  and 
Whltelow  (1932).  An  up  to  date  dlacuseiun  of  the  problem  is  also  contained  in  Williams  (ly8!>). 

Standard  models  for  the  mean  source  terme  are  based  on  prohobi 1 Jty  density  function*  (PDI  ).  A  pdf 
shape  is  presumed  or  calculated.  In  certain  formulations  the  pdf  describes  a  single  peremeter  like  e 


progress  variable  :  p(c,  x).  The  pdf  then  gives  the  distribution  of  this  variable  et  each  point  of  the 
flow  and  the  raeen  source  terms  sie  evaluated  as  integrals  nf  the  source  terns  weighted  by  the  PDF 

T  f  . 

wi  =  j  p  (C  :  x )  dc  (5) 

The  coherent  flarr.e  description  provides  an  alternate  solution  to  the  closure  prohlem-  The  mean 
reaction  rates  are  deduced  from  s  considerat ion  of  the  mean  flame  orca  per  unit  volume  •  The 

consumption  rate  per  unit  flame  arcs  are  alao  calculated  arid  the  mean  source  torna  arc  obtained  by 
combining  these  two  quantities.  These  elements  ere  now  considered  in  more  detail. 

2.2  fiaimneo  equation  for  the  flame  area  per  unit  volume 

The  balance  equation  for  the  density  of  fleme  ares  plays  an  es  entisi  role  in  the  coherent  flame 
description.  This  equation  ia  now  established  in  the  esse  of  premixed  combustion  (gee  Darebiho  et  el- 
1987b).  If  Z  represents  the  materia]  surface  per  unit  volume  it  can  he  ahuwn  that  the  balance  equation 
of  the  mean  value  of  £  has  the  following  form: 


a'pz/3t  +  dpvk£/*ck  =  3( -pvkY)/axk  -  p nTnfsjps 


The  turbulent  flux  of  the  surface  density  which  appears  In  the  third  term  of  this  expression  may  be 
modeled  like  the  other  turbulent  fluxes  hy  milking  use  of  the  turbulent  viscosity  and  the  moan  gradient 
of  £ 

-  pvk  s' =  uyor  a^3xk  (7) 

where  ^  1$  a  Schmidt  number  for  the  surface  density. 

The  last  term  in  equation  (6)  is  more  unusual.  It  represents  the  mean  varistlons  of  surface  density 

produced  by  the  local  strain  rates.  Following  Marble  and  Broadwull  (1977)  thiB  term  may  bo  modeled  hy 

-  p  n£r.|  SjS  =  p  CSL  (B) 

where  £*  designates  a  mean  strain  rete.  According  to  this  model  the  surface  denaity  S  incmeseo 
linearly  with  the  mean  strain  rele.  In  simple  sheer  flows  (mixing  layers,  Jets,  wekes)  the  strain  rate  may 
be  related  to  the  mean  velocity  gradient  in  the  transverse  direction 

es  =  apu}3y| 

where  ig  o  constant..  In  more  complex  flows  it  Is  more  appropriate,  to  deduce  the  strain  rate  6*  from 

the  turbulent  kinetic  energy  and  from  the  dissipation  rate 


where  C $  is  e  constant.  An  alternate  method  for  prescribing  this  Btrain  rote  consists  of  estimating  the 
ocolor  dissipation  rate  X-  ond  essuming  th&t  £,  la  proportional  to  this  quantity.  The  mean  scalar 
dissipation  rate  may  be  obtained  from  (see  for  example  Peters  19B4) 


•*•=  C_e/k  z"2 


where  2  and  z" 


designates  the  mass  average  of  the  square  of  the  fluctuations  of  s  conserved 


scalar.  This  last  quantity  is  usually  determined  by  solving  &n  additional  transport  equation. 

The  mean  scalar  dissipation  "X.  r,ny  else  he  derived  fiu>'u  u  muui.’inti  tranaport  equation  as  given  for 
example  by  Boryhi  and  Dutuya  (1979). 

leaving  saide  any  further  diocuoeion  of  thiu  aspect,  one  finds  that  tho  transport  equation  for  the 
mean  surface  dcn3ity  £  may  bu  cast  in  the  form 


JpE/dt  +  3pVkZ/ =  $(  i  dX/d.xk  )/r)xk  +  p  e_  £ 


In  fact  this  equation  dues  not  describe  all  the  mechanisms  which  determine  the  balance  of  flame  area. 
Indeed  the  elements  of  flame  ares  cannot  be  identified  with  materia)  surfaces  because  they  ere  in  relative 
motion  with  respect  to  the  Iocs)  flow.  One  may  however  neglect  this  dl spl acumen t  because  the  flsmc 
velocities  are  usually  amsll  when  compared  to  the  fluw  velocities. 

Furthermore  it  is  indicated  by  Morble  end  Broadwel I  that  flame  arcs  disappears  when  two  adjacent 
fl -me  elements  interact  end  consume  the  intervening  roectants.  Finally  in  certain  situations  the  flsmc 
element  is  located  in  a  field  of  high  strain  ratos  and  it  may  be  extinguished-  This  process  cbjbch  the 
dissipation  or  flame  area,  lo  represent  these  mechanisms  one  has  to  include  additional  terms  in  the 
transport  equation  describing  %  .  The  balance  equation  for  the  density  of  fleme  area  will  take  the 


transport  equation  describing 
genoral  form 


3.V5 


OS) 


iRatc  of  change 

or  zf 

■  (l) 


1 

Turbulent  diffusion 

jproduction  of  1 

Dissipation  of  | 

Dissipation  of  | 

= 

or  Zf 

(2) 

+  ,  oy  atrain]  — 

caused  by  extinction  /  — 

hy  mutual/ 

1 

1  ! 

1 

annihi lationl 

(5)  I 

The  firs*  two  terms  are  similar  to  those  obtained  for  the  material  surface  density. 

The  third  term  has  lo  be  modified  bocauae  local  conditions  of  temperature  moss  frectiona  end  strain 
rate  influence  the  production  of  flame  area.  Whereas  o  material  surface  submitted  to  at re in  io  augmented, 
this  may  not  be  the  case  for  the  flame  surface.  If  for  example  the  strain  ral*»  is  ton  high  extinction  will 
occur,  no  flame  area  will  be  produced  and  in  some  cauea  the  flame  surface  density  will  be  decreased. 

Another  process  which  may  limit  the  production  of  flame  areu  is  the  absence  of  one  of  the  reactants. 
For  instance  in  the  recirculation  region  the  gases  are  neai  chemical  equilibrium  and  no  heat  proouction 
occurs. 

Other  mechanisms  may  limit^the  production  of  flame  urea  but  those  mentioned  arc  among  the  most 
important.  The  production  term/*e  £  must  be  moderated  tu  account  for  these  processes.  In  the  general  case, 
for  adequate  values  of  the  strain  rate,  maos  fractions  and  temperature  the  production  term  keeps  its 
standard  form  ^  £5  Xy  •  When  these  values  are  outside  the  domain  in  which  a  flame  ma>  develop,  the 
production  term  nil)  vanish.  The  domain  Cl  of  possible  flames  is  derived  from  the  local  flamelet 
analysis.  If  (  Es  .  Y[»Tb)  designates  a  function  which  veniaheo  outside  Cl  and  io  equal  to  one  inside 
d-  then  the  production  of  flame  a’-ea  may  be  cast  in  the  form  -  f  r?  . 

•’  es  ki  h 

According  to  this  expression  flame  oroo  is  produced  if  the  flame  existence  is  assured. 

II  the  local  strain  rate  io  very  high  the  lucol  fismelets  are  quenched  and  the  strain  rate  does  not 

create  flame  area.  In  that  Hituotion  the  strain  rate  will  actually  participate  in  the  destruction  of  flame 

surface.  This  mechanism  io  expected  to  occur  when  the  Btrsin  rate  £s  exceeds  a  certain  critical  value 
£,%which  depends  on  the  local  conditions  ond  is  determined  from  the  local  flomclet  analysis.  In  that 
circumstance  the  flame  area  will  disappear  in  proportion  tc  the  strain  rate  itself.  A  model  for  this 
destruction  term  io  of  the  form  ^  ES  ^  '  E  .  ) 

where  h  ja  the  Heaviside  function  ond  ***  is  a  constant-  One  may  also  argue  that  the  rate  of  destruction 
of  flame  area  ic  prcportionl  to  the  difference  between  the  strain  rate  and  the  critical  strain  rate.  In 
that  caoe  the  deat ruction  term  becomes  _ 

i'c  P  ^es  ~  £se  ^  "  €se  ^ 

In  both  cases  the  net  result  of  the  production  and  destruction  termu  (3)  und  (4)  appearing  in  eq.  (i  3) 

will  be  a  decrease  of  the  Home  surface  density  when  £*  exceeds  6,c  . 

Tt  is  nn«,  difficult  tu  Luxe  into  account  the  feci  that  the  strain  rotes  found  ot  «  certain  point  in 
the  turbulent  stream  are  distributed  in  a  finite  range  around  the  mean  value.  This  is  achieved  with  a 
probability  density  function  like  that  proposed  by  Peters  (ly84)  or  Druy  (1906).  When  such  u  PDF  is 
introduced  the  transition  between  production  ond  dissipation  of  flame  area  io  more  progressive. 

Dissipation  of  flame  area  is  also  due  to  the  mutual  annj hi lat i on  of  adjacent  flame  elements, 
f) omelets  coming  at  a  close  distance  consume  t he  intervening  reactan’  and  this  shortens  the  available 
flame  area.  This  mechanism  io  wel]  illustrated  by  the  theoretical  work  of  Marble  (1903),  Karayn/ian  and 
Marble  (1986)  and  by  some  recent  calculations  of  Loverdu.it  and  Cendcl  (J907a,  1907L). 

A  it. ndej  for  thiu  process  may  be  eutobliohed  on  the  baols  of  a  simple  argument  due  to  Marble  end 
Oroedwell.  Their  derivation  is  easily  extended  to  the  premixed  case.  Consider  now  two  flamclcta  separated 
by  combustion  products.  The  distance  between  these  two  elements  will  tend  to  increase  and  mutual 
annilii letion  will  not  occur.  On  the  other  band  if  fresh  reactants  asperate  the  two  flemelets  the  reaction 
fronts  proyreea  towards  each  other,  the  roactsrrts  ore  consumed  and  mutual  annihilation  takes  place.  Mow 
consider  the  mean  distance  between  the  fismelets.  Tnia  distance  is  0!  the  order  of  1/jr^  •  If 
X»  designates  tlie  volume  fraction  (the  molar  fraction)  of  one  of  thp  mein  ej  rcies  involved  in  the 
reset  ion,  then  the  effective  distance  occupied  by  thio  species  is  *./£*„-  •  tet  cir«n*gr>«»e  the 

volume  rate  of  conoumption  nf  th*  I-th  cpccicn  pci  unit  flame  area  (thio  quantity  has  the  dimensions  of  u 
velocity).  Thio  species  is  consumed  at  the  rate  und  it  disappears  in  a  characteristic  time 

tD!  *■  *1  /  vf  JI  =  5Ej  /(VQj  j^! 

The  rate  of  annihilation  of  flame  ares  associated  with  the  consumption  uf  the  i-th  species  is  then 
proportional  to 

Zf ''  tDi  =  vDl  2  /  x| 

The  rote  of  flame  onnlhl  1  at  ion  associated  with  the  consumption  ul  the  mein  species  involved  in  the 
reaction  io  then  of  the  form 

u 

2*  (Vqj  /  Xj  )  Lf  ^  (  14  ) 

When  the  maJn  species  aro  a  fuel  F  and  an  oxidizer  0,  the  flame  shortening  term  in  proportional  to 

•vDo  /  Xo  +  vD|,-  /  Xp )  rf  2 


(15) 
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This  term  is  evaluated  per  unit  volume.  The  flame  shortening  term  ia  proportional  to  the  n  qua  re  of  the 
flame  surface  density  and  to  a  weighted  aum  of  the  consumption  velocities  of  the  main  apecie3- 

It  ia  now  possible  to  write  a  complete  balance  equation  for  the  flame  surface  density  j 

3plf/3t  +  dpV^Zf/dxk  =  3((HiVO£)3 +  J>  Es  fft  If 

YeP<Es  -  Ese)h>ps-  Se'^f  (16) 

-  PP  (vDo  /  +  VDF  /  Xp)  If2 


where  may  be  estimated  as 

f  s  =  <*  (  §ij  Sy  )  1/2  or  es  =  cs(  EJk) 

In  these  expressions  tt»P.7g  Cs  are  constants  end  ia  a  Schmidt  number  for  the  flame  surface 
density* 

The  volume  rate  of  consumpt ion  per  unit  flame  appearing  in  1 1 1 i r  expi eos I  on  are  obtained  from  the 
local  f lamelet  analysis* 


2*3  Determination  of  the  Kan  reaction  rates 

Knowing  the  mean  flam,  surface  density  and  the  consumption  rater;  per  unit  flame  surface  one  may 

easily  determine  the  mean  consumption  terms  per  unit  volume  s 

Wf  “  -p  VDF  % 

W0-  "PVDo% 

These  simple  expressions  may  be  refined  if  one  taken  into  account  t Me  fact  that  t Me 
correspond  to  a  distribution  of  strain  rates.  The  probability  density  function  describing 
of  the  strain  rateo  may  presumed  and  the  mean  consumption  terms  per  unit 

general  form 

W,»  -p  If  1  vDF(es)p8(es)  dt8  (1B) 


A  slightly  more  complex  expression  Is  also  obtained  if  onu  assumes  that  the  burnt  gao  temperature  which 
arises  in  the  local  f lamelet  analysis  is  also  distributed  around  it3  mean  value. 


local  flamclets 
the  distriuut ion 
volume  take  the 


2-4  The  flamolct  model 

An  idea  shared  by  all  f lamelet  models  is  that  the  strain  rate  imposed  by  the  turbulent  flow  on  the 
laminar  flame  elements  plays  an  essential  role.  The  flamelets  are  strained  My  the  turbulent  m  ! ion,  their 
inner  structure  is  modified  and  the  consumption  of  reactantu  and  the  hcot  release  rote  prr  unit  flame  area 
are  affected,  large  strain  rotes  may  lead  tn  partial  or  total  extinction  of  the  flamelets.  Th»*  simplent 
axarplt  illustrating  the  effect  of  strain  rate  ia  that  of  s  diffusion  flame  in  the  fast  chemistry  limit. 
It  Ib  eaaily  shown  that  in  Una  limit  the  rate  of  reaction  io  augmented  when  the  atrain  rate  ia  increased 
(aee  Carrier  et  ol*  1973).  It  la  actually  found  that  ’;he  consumption  rotes  per  unit  flanc  area  increase 
like  (  O  •'here  D  Is  a  diffusion  coefride.it.  The  strain  rate  augments  the  flow  of  gases  to  the  flame 
sheni  arid  the  reaction  rate  is  enhanced.  This  process  is  limited  by  finite  chemical  rates  of  reaction  and 
for  high  atrain  rates  the  flame  may  he  cooled  by  the  rapid  convection  of  fresh  material  und  it  may  be 
extinguished. 

Notable  analyses  of  strained  diffusion  flames  ore  due  to  Carrier  et  el.  (1975),  I inan  (1974),  Toujt 
(1932),  law  (1984).  The  case  of  premixed  strained  flemco  is  considered  by  Klimov  (1963),  OucKmaSter  and 
Ludford  (19B3),  Libby  and  Williams  (1981,  1983,  1984),  Libby  et  al.  (1983). 

Many  studies  of  premixed  strained  flames  are  based  on  activation  energy  asymptotics.  Numerical 
calculations  ere  due,  among  others,  to  Smooke  el  al.  (1986),  Glovangig) i  end  Cendel  (1986),  Uembiha  et 
al*  (1906),  l»i 0 vflngi y  1  i  and  5muoke  (1983).  Detailed  chemistry  calculations  arc  now  being  perl  armed  by  many 
groups.  Dixon  -Lewis  et  ol.  (1904)  compare  calculations  of  methane- air  diffuolon  flamea.  Complex 
chemistry  is  also  uoed  in  the  studies  of  Marble  and  Brodwoll  (1977,  1979),  L  iew  et  al.  (1984),  Hogg  et  al. 
(1906)  end  Giuvangigll  and  Smooke  (193b). 

The  structure  arid  properties  of  strained  propene-si r  flames  with  complex  chemistry  ore  examined  by 
Darabiha  et  el. (1907a).  The  basic  flamelet  model  end  the  main  renults  of  this  study  are  reviewed  in  thto 
section.  The  presentation  will  essentially  focus  on  the  effect  uf  strain  end  hot  stream  temperature  on  the 
flamelet  structure  end  extinction/ignition  uharacterlatics. 

A  otrainod  promixod  laminar  flame  in  a  counterflow  of  fresh  reactants  ond  burnt  gases  ia  conuidertrd 
ea  shown  in  Tig.  2-  The  system  is  modeled  by  employing  a  boundary  layer  apuroximatlun  (see  Dorabilia  at  al. 
1987s). 
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The  local  flamelet  model  depondo  on  Ihree  parameters  end  <p  .  The  quantity  £*  denotes  the 

strain  rate,  Tu  represents  the  temperature  in  the  hurnt  gas  stream  and  <p  is  the  equivalence  ratio  or  the 
incoming  fresn  reactant  atream.  The  strain  rate  is  a  moaoure  of  the  "stretch"  in  the  flame  due  to  the 
imposed  flow,  0  is  a  measure  of  the  relative  proportion  of  fuel  and  air  in  the  reactant  stream  end 
represents  how  much  the  incoming  burnt  products  have  gained  or  lost  energy  subsequent  to  their  creation, 
by  a  mechanism  Inoperative  within  the  flameJot-  Whenever  these  products  have  neither  gained  nor  lost  any 
energy,  the  temperature  Tfa  is  the  so  called  adiabatic  flame  temperature  TQ^.  We  will  refer  to  this  case  as 
the  "adiabatic"  caa*-,  whereas  the  situations  Tu  >  Ied  and  T^  <  Tfl(;)  aru  referenced  us  "eupersdiebntic"  end 
"aubadiabatic".  These  terms  characterize  the  history  of  the  burnt  gases  and  not  the  flame lets  which  do 
not  exchange  heat  with  the  surroundings- 


Fresh  mixture 


Mot  gescs 


Figure  2 


Our  goal  13  now  to  study  the  dependence  of  the  solution  on  the  parameters  £*  end  T{l  for  pruponc-oir 

mixtures* 

The  solution  method  used  to  determine  the  flemcjet  structure  combines  h  phase-space,  pseudu-orclenyt h 
cunt  inuat  inn  method,  Newtor-1  ike  iteration,  end  global  adaptive  gridding.  T  hermudynam  ic  and  transport 
properties  are  determined  with  CHEHKIN  and  THANSPGRt  packages  developed  by  Kua  cl  el*  (1980  ,  1983). 
(Details  nay  be  found  in  Giovnngigli  and  Sunuku  1987n,h,o,  Smoukc  1902  and  Ciovongiyli  onrj  Dorabiho  1987.) 

The  flomclet  data  base  may  bn  constructed  by  performing  continuation  aeqtirnrca  wilh  ic9pect  lo  tne 
strain  rate  for  different  values  of  the  burnt  gnu  temperature.  It  is  possible  in  this  way  tu  invest i gate 
tne  dependence  of  the  propone-oi  r  flame  on  £  ^  unii  1^.  Typical  calculations  dune  for  an  eou  i  vn  1  enre 
ratio  of  <±  =  11.7 s.  a  f»- .•*£».  rcnctc-nt.  Lc-nj>eiaiiirc  of  if  =  3ijlt'K  and  p  prciwure  p  of  one  atmosphere 

arc  now  described*  The  reaction  mechanism  fur  the  propone-air  system  is  taken  from  Warnuli  (1903,  ]9U6). 
It  involves  33  species  arid  126  reactions- 

Based  on  the  theoretical  work  of  Libby.  and  Williams  (1983;  il  is  anticipated  that  tfio  burnt 

yaa  temperature  T.  will  play  w>  important  rule  in  the  extinction  process.  Jn  particular,  depending  on  the 
value  of  V.  u  flame  subject  tu  varying  strain  rot<?8  moy  undergo  abrupt  ignition  nr  extinction  transit  ions 
involviny  altered  I  oca  t  lout,  of  the  ruectiun  /one  untl  altered  creation  of  product. 

To  investigate  this  solution  multiplicity,  the  heut  release  rate  h  pet*  unit  flame  area  is  plotted  in 
figure  3  «a  h  function  of  the  strain  rote  £*  fur  different  temperatures  1 .  •  These  curves  show  that  for 
f  lames  w  i  th  product  uf  ream  having  elevot  ed  entho  Ip  ley,  i.e.,  e  suf  f  i  cidit  1  y  large  V,  tin:  heat  release 
rate  varies  cunt  inuousi  y  with  £s  .  (In  the  other  hand,  l»r  f  lamolctn  wilh  auf  f  i  cient  i  y  cooled  product 
streams,  i  - 1?  - ,  e  fluff  icicnt  ly  low  Tj(t  there  aie  abrupt  ignition  and  extinction  transitions  and  the 
characteristic  response  curve  is  S-ahopech  The  upper  branch  currmpunds  to  standard  flume  structures,  the 
lower  branch  tu  extinguished  solutions  and  the  intermediate  bronch  to  uisluble  solutions*  It  iu  found  thot 
the  first  extinct  Jon  point  io  reached  at  about  T{|  =  1^60  K  end  for  F,s  8U0  uec  The  cor reupundi ng 
flame  front  iucetiona  <■  re  presented  in  figure  4.  These  P  lot  a  show  that  during  i  gnit  ion  or  extinct  iuu 
transitions  there  are  abrupt  flame  frunt  locHtiun  and  peek  temperature  changes.  These  reonlta  ere  m 


excellent  qualitative  agreement  with  the  theoretical  work  of  Ljbby,  Linen  and  Williams  (1983). 


Si  rain  Ra It  (l/i) 

Figure  3 


3.  EXPERIMENTS  ON  TURBULENT  DUCTED  FLAMES 
3.1  Experimental  configuration 

The  experi  mentc  1  set  up  used  In  this  study  ia  shown  In  Fig.  5.  A  mixture  of  air  and  propane  is 
injected  through  a  long  duct  into  a  rectenguler  combustor-  The  height,  depth  and  length  or  this  element 
are  respectively  50,  100  and  300  mm.  The  inlet  plane  comprises  a  V-gutter  flame  holder  placed  at  the  duct 
center  and  producing  c  50  %  blockage.  The  upper  and  lower  combustor  walla  ore  made  of  thick  ceramic 
material  while  the  lateral  walla  arc  trenuparent  artificial  quart*  windowo-  A  stainless  steel  structure 
holds  the  various  parts  together.  Ignition  of  the  premixed  stream  is  obtained  with  a  spark  plug-  The  pluy 

may  be  lowered  down  behind  the  f lampholder,  it  la  activated  and  removed  from  the  chamber  after  Ignition. 
Combustion  la  then  stabilized  by  hot  gases  recirculating  behind  the  V-gulter- 

Tne  stabilizer  may  be  set  into  a  pitching  motion  with  an  electromechanical  shaker  as  shown  in  Figure 
5  but  this  device  is  not  used  in  the  present  atudy. 


Mecfrrlcat  shaker  Loudspeakers 


Figure  5 


J.2  Schlloren  visualization  and  C2-radical  light  esinslon  meaaure.entg 


It  10  inlructive  to  first  examine  the  flame  structure  using  spark  Schlieren  nhotogrcmh3. 
tur  the  whole  range  of  Reynolds  numbers  considered  in  this  paper  Re„  <  JO5,  (the  Reynolds  number  i 
baaed  on  the  stabilizer  height,  on  the  velocity  at  the  lipe  and  on  the  coVd  f  *  ' 


*  —  - j  --  «»•  tuiu  flow  viscosity),  the  flow  in 

the  flenu?  zone  is  dominated  by  largo  scale  coherent  vortices.  A  typical  case  .3  shown  in  Tig.  6.  The*  snail 

wlnHnw'’Vn‘in3|nC"’''(' .  th®  recirculation  zone  me  due  to  a  amall  leak  between  the  flameholder  and  the 

i,  ,dt,H  !.  !fS  1  some  spurious  burning  of  the  mixture  noai  the  wall.  These  vortices  resemble  those  found 
in  studies  of  non  react ivetno  dimensional  shear  layera  (for  example  Drown  and  Roahko  1974).  There  are 

ort ices 


however  some  distinctive  features.  It  in  observed  in  particular  that  the  initial  smsl]  seal 
F  OriT.Od  n*,on  f  nfnk.llm*..  H - - - f  •  X  ... 

However 


Figure  t» 
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While  exact  measurements  of  the  local  energy  releaoe  are  not  available  many  olmervat  long  Indicate 
that  Uie  light  redialed  by  the  combustion  ?nne  in  related  to  tho  reaction  intensity  and  bonce  to  the  hoot- 
reloaao  process.  Certain  radicals  like  C2,  CHf  OH  appear  almost  exclusively  in  reactive  /one 3  and  their 
Concent  rat  ion  la  alwayn  email.  Hence  the  self  abaorptlonof  the  light  emitted  by  those  radicals  ic  not 
important  and  the  radiated  light  intensity  is  diructly  •'eluted  to  t tic  reaction  rale  or  equivalent  ly  to  the 

tieet  roleae  rote  (ace  Poinaot  et  al.  1967  for  further  discussion  of  this  point  and  an  application  to  the 

analysis  of  the  nonsteady  heat  release  under  unstable  combustion). 

While  a  linear  relation  between  the  heat  release  source  term  and  the  light  omission  from  free 
radicals  baa  been  proved  in  sene  special  situations  it  may  be  safely  slated  that  a  munotonjc  relation 
exists  between  these  two  quantities.  The  measure mr«  ‘  of  the  mean  heat  release  oourco  term  relies  on  tnia 
assumption.  The  emission  band  used  to  this  j  iirpo6„  in  the  (0,0)  C7  band  ot  n  wavelength  ^  =  516b  A. 
This  wavelength  is  isolated  In  tho  emission  spectrum  with  a  narrowband  into  forentlal  filter  (  50 

A).  The  light  emitted  by  the  flame  is  collected  by  an  f  s  54  mm  convex  lent-  located  ot  10U  mm  from  the 
combustor  center  plane.  The  light  beam  la  then  filtered  «nd  the  filtered  light  intensity  is  detected  by  u 
photomultiplier  through  a  1  m/n  diameter  pinhole  to  provide  a  local  measurement  :  tie  emitting  area 
actually  seen  by  the  detect  or  has  a  diameter  of  shout  1  mm.  The  detector  output  i  a  amplified,  low  pass 
filtered  to  prevent  aliasing  and  transmitted  to  a  PDF’  11/23  cumputer  through  an  G  channel  12  bit  A/D 
converter.  This  computer  eleo  controls  the  optical  system  displacement  in  the  vertical  and  horizontal 
directions.  The  photomultiplier  scans  a  grid  comprising  30HQ  points.  At  each  point  £  of  this  grid,  1000 

data  samples  er®  acquired  and  averaged.  This  process  yields  the  spatial  distribution  uf  the  mean  light 

emission  i(x). 

Spatial  dial  ribut  ions  oT  the  light  emitted  by  C2  radicals  are  displayed  in  figures  7a  end  b.  The 
first  map  (Fig*  la)  correspond*  to  a  Reynolds  number  of  Ren  =  46000  and  an  equivalence  ratio  of  £  =0.6. 
At  low  valuta  uf  £  ,  concentrated  regions  of  reaction  ore  observed  in  the  vicinity  of  the  flame  holder, 
for  $  s  0.6  these  regions  form  at  a  close  distance  end  o  merged  reaction  /one  is  observed,  for  higher 
values  of  the  equivalence  ratio  the  reaction  regions  ere  shifted  downstream  and  further  apart  from  each 
other. 
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Figure  7 


Consider  now  the  light  emission  map  obtained  for  a  higher  value  of  the  mass  flow  rate  end  of  the 
equivalence  ratio  (Fig.  7b).  In  this  case  the  flame  angle  decreases  slightly  and  the  maximum  of  the  heat 
releaoe  rate  is  shifted  upstream. 

A  systematic  exploration  of  the  flow  regimes  (Dareblha  et  al.  1987b)  indicates  thet  the  equivalence 
ratio  end  the  Reynold?  number  hove  a  notable  influence  on  the  flame  structure*  The  modifications 
associated  with  these  two  parametere  are  not  extensively  documented  in  the  previous  literature  (see  tibby 
et  si.  1967  for  a  review  of  the  available  data,  Zukoski  and  Harble  1955  for  an  early  analysis  of  the 
influence  of  the  Reynolds  number  on  the  wake  transition  behind  a  flame  stabilizer).  It  is  however 
important  to  retrieve  this  behavior  in  the  mimericaj  modeling  of  the  flame. 

4.  NUMERICAL  RESULTS  AND  DISCUSSION 

Numerical  results  obtained  for  the  combustor  geometry  described  in  the  previous  section  are  now 
Uiscuaaed.  These  results  may  be  comp-jreu  to  the  exper  1  mental  data  presented  in  5cction  3.  All  calculations 
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correspond  to  o  single  aet  of  constants  (standard  velum  arc  Bduptod  (or  the  k-  £  model  (  =  U.U9  , 

cj  s.  1.04,  C2  a  1«92»  =1,  <?e  =  1.3,  <£*  0.7)  ami  tho  constants  Involved  in  the  be  lance  of  flame 

ergs  are  i 

c£  =  1  ,  cc  1  .  yc  =  1  ,  p  =  1  . 

No  effort  was  expended  to  adjust  these  parameters  hut  some  improvements  are  possible.  Ihr  cal*  jlatinna  nrr' 
carried  with  a  time  dependent  finite  difference  i  m|>  licit  code  developed  at  ONf  RA  and  described  by 
Dupoirioux  and  Schemer  (1905). 

The  coherent  flame  description  was  introduced  in  the  code  in  place  of  the  preexisting  "lddy-0i  ask  Up" 
model . 

Taking  Into  account  the  mean  flow  nymetry  the  computation  in  perf unned  or  a  domain  extending  from  the 
combustor  axis  to  the  wail.  The  finite  difference  grid  ia  nonuniform  in  the  axial  d’rcction  and  comprises 
21  vertical  and  63  horizontal  nodes. 

The  reacting  flow  calcul at ionn  are  Initiated  by  introducing  a  temperature  spot  will*  a  Knussien  shape 
and  a  localized  distribution  of  flame  surface  density  in  the  recirculation  zone  of  the  cold  flow.  It  turns 
out  that  the  temperature  apot  is  sufficient  to  start  the  reaction,  the  initial  distril-  'on  uf  flame 
surface  may  bo  chosen  arbitrarily* 

The  inlet  temperature  ia  300  K,  and  the  ambient  pressure  ot  the  combustor  exhaust  is  atmospheric. 
Results  presented  correspond  to  a  stationary  flow  configuration  which  ia  obtained  after  2000  time  step 
iterotiono  after  ignition.  The  typical  CFl  number  used  in  the  calculations  is  7. 

To  compare  tho  numerical  reunite  with  the  experimental  reunite,  we  have  displayed  in  Figure  13s  the 
fuel  eoiisumpt ion  rate  distribution  In  the  combustor  using  a  scale  of  grey  nymbnln.  This  figure  corresponds 
to  an  inlet  velocity  of  13  m/s,  e  mo33  flow  rate  of  m  =  69  g/n  and  a  fresh  mixture  equivalence  ratio  of 
$  =  0.6.  The  fuel  consumption  ir»  essentially  concentrated  in  a  region  located  ut  about  40  mm  from  the 
flame  holder  edge*  The  maximum  value  is  1.59  kg/nVs.  Note  that  for  clarity  the  geomvl  ry  of  the  plot  in 
distorted,  the  vertical  bcoIc  differs  from  the  horizontal  one.  The  ratio  of  the  combustor  height  to  the 
cumhiUHor  length  Is  0.357  in  the  figure  while  it  is  0.166  in  reality*  However  the  numerical  results  ma>  be 
directly  compared  with  tho  experimental  dial ributiona  (Fig.  7a). 

The  fuel  consumption  rate  diminishes  progrenoive ly  in  the  downstream  direction.  There  in  no 
Consumption  of  fuel  near  the  horizontal  walla.  Thia  result  is  in  agreement  with  the  experimental 
observations  of  the  £3  rediall  Jiyht  emission  (Fig.  7o).  The  main  difference  between  these  two  results  is 
that  the  calculation  predicts  heat  release  in  the  reel rcul «t icn  zone.  This  is  at  variance  with  the 
experiment  and  also  with  common  knowledge.  This  difference  may  be  explained  in  various  ways.  One  may  argue 
for  example  thot  the  turbulent  diffuolon  of  flame  area  ia  nvercgt imsted  a. id  that  the  Schmidt  number  should 
he  increased.  A  detailed  examination  of  the  distribution  of  fuel  indicates  that  a  certain  amunt  ot  this 
species  penetrates  into  the  recirculation  region  and  Kirns  in  trie*  legion.  Thia  indicates  an  important 
weakness  of  the  gradient  diffusion  modeling  used  in  tin  calculation. 
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Figure  8 


Figure  8b  displays  the  temperature  distribution  In  the  combustor  fur  the  same  conditions  (v^  =  13 
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m/a,  m0  =  69  g/s,  =  0.6).  The  hot  rev i roul at  Jon  rone  has  the  maximum  temperature  slightly  above  1 7UU  K. 
The  temperature  then  diminishes  oi*  the  coml»u3tor  axis.  In  the  middle  of  the  rhamliur  *ind  on  this  axis  1 1»«* 
temperature  la  atiout  1000  K.  Near  the  combustor  exhuunt  the  temperature  increases  uni)  ri'iirfii’g  1  'VOU  K.  Near 
the  walls,  l  h«  temperature  a  low  1  y  i  ncreooca  In  the  axial  dl  met  in-  and  the  tunp-iRtur^  profile  at  the 
exhaust  fio 3  not  reached  o  uniform  state. 

Another  calculation  la  performed  for  an  equivalence  ratio  of  =  0.75  and  no  Inlet  velocity  of  22 

m/fl  (corresponding  to  a  moss  flow  rate  mq  =  100  g/?).  rjgui-e  9n  display')  the  distribution  of  the  mean 
consumption  rate  of  fuel.  Comparing  Ibis  figure  witti  the  previous  cal  mini  i  ji»  it  in  found  Mint  the  lcngtli 
of  the  reaction  region  diminishes  hut  itn  location  is  almost  the  name,  this  result  agrees  witti  the 
experimental  observations  (sec  I  iq.  71*).  Wr  note  that  thr  maximum  fuel  consumption  rote  teaches  a  value  of 
2.J4  kg/m^/o  which  is  greater  than  that  of  the  previous  ratrijlat  ion.  This  change  in  due  in  part  to  the 
higher  value  of  the  equivalence  ratio  and  it  also  ciu-reaponds  to  a  change  in  t  lie  spatial  distribution  i  f 
the  mean  react  ion  rote  term. 
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Figure  9 


figure  9b  represents  the  distribution  of  t  In?  temperature  for  this  ca  Irulat  im\ (  =  0.75,  =  liJU 

g/s).  The  temperature  in  the  recirculation  rone  roaches  2000  K  instead  of  1 7(rb*  K  in  the  provivius; 
calculation.  On  the  jot  axis,  the  temperature  diminishes  leas  rapidly  to  about  M00  k.  It  increuses  in  tin* 
duwnstrcum  direction.  In  this  region  the  temperature  vurie3  from  snout  4U0  K  to  J5ufl  K. 

The  agreement  between  calculated  and  measured  mean  hrot  releu.ie  terms  is  not  perfect  hut  quitl  i  t  at  i  ve 
features  and  trends  ore  retrieved.  In  view  of  these  results  one  may  ask  if  t lie  flamojet  descript  inn  i:» 
indeed  applicable  to  the  ducted  flame  configuration  eonsidureif  in  this  paper. 

As  indicated  in  the  introduction  «i  precise  answer  to  this  question  cannot  he  given  hut  some 
information  may  be  obtained  from  an  examination  of  trie  burrbre-Borglu-l'eters  phase  diagram.  T.iio  diugrum 
duft'icts  ilie  u'i  iTrrcii’i.  regimes  in  prcmixeil  turbulent  combustion  in  terms  of  two  *ii  mens  ion  leas  parameters  : 

(l)  the  ratio  of  He'  local  turbulent  length  scale’  to  n  typical  flume  thickness  *  ^/ 

(?)  I  tie  ratio  of  the  lucul  velocity  fluctuation  to  the  luminor  flume  speed  v'/vp. 

A  simplified  phase  diagram  adapted  Tram  Puiero  (1906)  is  shown  in  Figure  1U.  In  t  h  i  y  plot  lines  of 
constant  Dsmkohler  number  are  parallel  and  moke  u  45°  angle  witti  the  hurirontol  axis.  The  line  Do  t  1 
separates  t tie  region  of  homogeneous  combustion  corresponding  to  well  st fried  reactors  (ha  <  1)  from  the 
region  of  corrugutcd  flamelets  ami  disl- tl'Utcd  mactiixi  /ones  (i>a  >  1). 

Conditions  which  exist  at  each  pnii  t  of  the  grid  representing  the  combustor  in  u  typical  calculation 
are  jndieoted  in  the  diagram.  The  domain  defined  in  this  way  It;  located  hclDw  the  ha  =  1  line  und,  it 
therefore  belongs  to  the  region  of  corrugated  Marie  lets  and  distributed  reaction  yo»i“D.  Tfie  domain  covers 
regions  where  the  flamclets  ere  well  defined  and  other  regions  where  extinction  takes  place. 

from  tills  discussion  it  may  be  concluded  that  the  flnmelsl  model  will  fie  applicable  if  it  includes  a 
proper  description  of  f lame  quench! ng  ami  subsequent  mechun i urns.  The  present  model  accounts  fur  this 
sspcct  at  least  in  some  sense  but  it  certainly  requires  some  further  refinements- 
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5.  CONCLUSION 

A  dearript  irtn  of  premixed  turbulent  ducted  flames  is  proposed  on  the  basis  of  tin'  coherent  flame 
roud»*].  Tfile  model  initially  proponed  by  Murhlo  und  Druudwejl  for  turbulent  diffusion  flames  is  extended  tn 
the  premixed  situation. 

The  balance  equation  which  fixes  the  amount  of  flam*'  area  per  unit  volume  is  derived  from  basic 
principles  and  u  consideration  of  important  mechanisms  which  participate  in  the  production  and  dent  ruction 
of  flame  surface.  These  mechanisms  (f)ono  stretch,  extinction,  flame  shortening)  ore  illustrated  hy  recent 
experimental  observations  und  numerical  calculations.  The  local  flame let  structure  of  strained  prwmixcd 
flames  with  romp lex  chemistry  to  diCCurSvd  odd  ext  ir.Ct  iuii/jyni  i  tun  properties  ot  the3C  flames  ore 
examined. 

Numerical  calculations  based  on  the  coherent  flame  de.ncript  ion  ary  carried  for  turbulent  flames 
stabilized  in  a  duct.  The  results  ore  compared  with  experiments  performed  on  a  model  cumhustnr.  It  is 
shown  that  the  spatial  diat rihut ions  of  the  n>unn  bent  release  computed  in  Itic  model  ore  similar  to  tfie 
distributions  of  the  light  intensity  emitted  h>  f?  radienl.  This  fndicutcs  that  the  model,  in  it-^  present 
form,  alread)  provides  n  suitable  description  of  lurbulvnt  ducted  flam,  j.  Imperfection:;  are  also  made 
evident  hut  the  structure  of  the  model  allows  refinements  mid  improvements  et  various  levels. 
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Figure  captions 

Schematic  representation  of  physical  processes  de3cxribed  in  the  coherent  flnnn  model. 

(a)  Production  of  flame  area  by  the  field  of  strain  r«te9 

(b)  Mututel  annihilation  of  adjacent  flomelets 

(c)  5trained  laminar  flamelet  model- 

Strained  flame  geometry 

Heat  release  rate  per  unit  flame  area  plotted  as  a  function  of  the  strain  rate  for  different  hot 
stream  temperatures.  The  curves  ore  monotonic  when  exceeds  1530  K,  they  take  en  S- 
ohape  below  that  value.  The  vortical  scale  la  divided  by  1U°  J/rrr/a. 

Reaction  zone  location  plotted  es  e  function  of  the  strain  rate  for  different  hot  stream 
temperatures.  The  curves  are  monotonic  when  exceeds  1530  K,  they  take  an  S-ahope  below  that 
value. 

Experimental  configuration.  A  mixture  of  air  and  propane  ia  Injected  through  a  long  duct  into  r 
rectangular  combustor  inlot  plane  comprises  a  V-guttef  flame-holder  placed  at  the  duct  center  and 
producing  e  50  %  blockage. 

Spark  schlieren  photographs  of  the  wake  of  the  flameholdcr- 
m8  =  67.5  g/s,  m^-  s  3.4  g/s,  =  0.79,Reu  =  46500 

Reaction  takes  place  over  a  brood  spatial  domain  and  the  burning  structures  form  a  regular 
pattern  end  their  size  grows  uniformly. 

Spatial  distributions  of  the  light  emitted  by  C2  radicals.  The  distribut ions  are  plotted  on 
o  scale  of  grey  levels.  The  darkest  symbol  corresponds  to  the  maximum  light  emission,  thu 
lightest  symbol  represents  the  minimum  light  intensity* 

(a)  Re(,  =  460L10,  <t>  -  0.6,  mfl  =  69  g/a 
<li)  ReH  =  60000,  ip  =  0.75,  A,  =  100  g/a 

Spatial  distributions  obtained  hy  numerieel  calculation  nf  (u)  the  fuel  consumption  rate  and  (b) 
the  temperature  for  mQ  =  69  g/8  and  equivalence  ratio  of  <fc  =  0.6.  Part  'a'  of  this  figure  may 
be  compared  to  F  tg.  7a. 


Spatial  distribution^  obtained  by  numerical  calculation  of  (a)  the  fuel  consumption  rate  end  (b) 
the  temperature  fnr  «f*e  -  100  g/c  and  equivalence  tdtXu  uf  gL*  =  0.75.  Port  'a1  of  this  figure  may 
be  compared  to  Fig.  7b- 

Simplified  version  of  the  Rarr&re-Borghi-Peters  diagram  showing  t lie  different  regimes  of  p remixed 
turbulent  combustion.  Conditions  existing  at  each  point  of  the  computational  grid  are  plotted  in 
this  diagram. 
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DISCUSSION 


J.B.Moas,  UK 

The  ciitical  strain  rate  which  defines  extinction  on  your  “S-curve"  is  1/800  seconds.  This  value  is  large  (more  than  an 
order  of  magnitude)  when  compared  with  values  emerging  in  non- premixed  flame  studies  (Peters  and  Williams,  Liewet  al. 
Bilgcr,  for  example)  Why  arc  youi  values  so  much  larger  and  is  this  expected  in  premixed  flames  to  such  a  degree?  I  low 
relevant  are  the  modelled  turbulence  properties  k  (turbulence  kinetic  energy)  and  K  (viscous  dissipation  rate)  to  the  local 
strain  rate  employed  in  your  laminar  calculations? 

Author's  Reply 

I  would  like  to  thank  Prof.  Moss  for  asking  these  interesting  questions 

The  magnitude  of  the  critical  strain  rates  corresponding  to  extinction  is  strongly  dependent  on  the  flame  configuration 
being  studied  as  well  as  on  the  operational  parameters  (field  type,  equivalence  ratio,  cold  gas  tempcratuie,  hot  gas 
temperature...).  In  the  present  case,  the  calculations  pertain  to  a  counterflow  of  fresh  mixture  and  hot  combustion 
products.  (The  temperature  of  the  hot  stream  is  equal  or  differs  from  the  adiabatic  flame  temperature.)  Such  flames  arc 
more  resistant  to  stretch  than  diffusion  flames. 

Another  reason  which  may  be  invoked  to  explain  the  difference  in  the  ciitical  values  obtained  by  different  groups  is 
perhaps  less  evident.  In  many  studies  (Liew  et  al,  Peters,  Bilgcr)  the  critical  values  arc  given  for  the  scalar  dissipation  X.  It 
is  implicitly  assumed  that  this  quantity  is  proportional  to  the  strain  rate.  The  proportionality  factor  connecting  these  two 
quantities  is,  however,  not  clear  to  me.  In  any  event,  I  am  more  inclined  to  consider  that  the  flamelets  embedded  in  the 
turbulent  flow  really  sense  the  strain  late  associated  with  the  turbulent  fluctuations. 

The  determination  of  this  strain  rate  is  as  usual  a  difficult  problem.  Our  choice  has  been  to  dttcrminc  a  mean  strain  rate* s 
a  ratio  of  ihc  rate  of  dissipation  to  the  turbulent  kinetic  energy.  It  is  then  a  good  idea  to  use  a  pdf  to  obtain  the  distribution 
of  strain  rates  at  each  local  point  a-i  suggested  by  Liew  et  al,  Bray  and  Peters. 
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MOUtLISATIOM  DE  LA  STABILISATION  D'UNE  FLAMME  TURBO  LF.NTF.  PREMELANGEE, 
EN  AVAL  D'UNE  MARCHF.  PAP  UNE  METUODE  UGRANGIENNE 

A.  ClOVANNINi 
ONERA/CERl /DERMES 
BP  402b  31055  TOULOUSE 

FRANCE 


RESUME 


Lea  celcula  sont  realises,  pour  la  geometric  de  la  marche  deecendante ,  par  resolution  nutnerique 
dee  equations  de  Navier  Stokes  non  moyennees,  en  urlllflant  une  methods  Lsgrsnglenne  du  type  singularltcs . 

La  combustion  dea  gaz  pr^melaiig^e  est  modells^  en  utillsant  lc  concept  de  flamme  mince,  s£parant 
g az  brulea  et  melange  qul  aont  traices  comrae  deux  milieux  incompressibles .  I,' exothermic ite  de  la  reaction 
eat  represent^  a  3 'aide  de  sources  volumtques  placSes  a  proxlmlte  du  front  de  flame.  L'avancement  de 
celle-ci  eet  realise  par  advectlon,  et  normalement,  avec  one  Vitesse  de  combustion  fonction  non  seulemerit 
de  l’etat  theioiodynainique  du  melange,  mais  ausal  de  la  cootbure  locale  du  front  et  de  son  £tlreirent. 

Ainsi,  l’aerodynamique  de  la  combustion  peut-5-tte  discucec , sous  l'aapect  des  structures  coherences 
et  les  vltessRH  comparers  aux  experiences  do  Pltz  et  Dally  avec  et  sans  reaction  chlmlque. 


INTRODUCTION 


1/ aerodynamlqje  dea  ecoulements  recircules  est  un  dea  problemes  les  plus  diff  Idles  de  la  meca- 
nique  dee  fluldes*  En  particular,  les  tnethodes  classiquee  de  fermeturu  dcs  equations  de  la  turbulence  3e 
uont  r^velees  Jnaptes  &  la  prediction  de  ces  ecoulements.  En  effet,  ceux-ci  sont  fortenent  inetatlonnal  res 
et  les  structures  tourbil lonnal rcb  presenteH  interagiaeent  entre  elles  depots  le&  plus  petites  Issues  de 
1‘ Instability  de  la  couche  clsaillee,  du  type  Kelvin-Helmholtz  et  done  a  l'cchelle  de  l'epaisseur  de  la 
couche  iimitc  amont.  Jusqu'aux  plus  grosses  de  meme  dimension  que  la  zone  recirculee. 

Cette  difficult*  de  mode) last  ion  eut  r«*nforc£e  par  1  '  1  nt  roduct  Ion  d'une  reaction  de  combustion  a 
cause  de  sa  "raldeur"  dans  ]e  temps  (cinltique  chimique  raplde)  et  aano  1‘cspace  (fronts  minces)  ;  raais 
aussi  de  la  forte  non  linear! tA  du  cerme  de  source  d' Arrhenius  dano  les  equations. 

Le  processus  physique  correEpondanc ,  appele  interaction  acrodynamlque-combuat ion/ est  encore  mai 
ccnnu  <2t  doit  faire  l'objet  a  la  fols  d'etudes  th^oriques  et  cxp^rimentalee. 

Nous  avons  voulu  presenter  ici  un  caLcul  instat ionna ire  realist  par  une  methods  I.agranglenne  du 
type  vortex  (R.V.M)*  couple  a  un  algorlthoie  de  combustion  utillsant  5.L.L.C  et  S.L. I . OV.O.F. ** ,  et  comparer 
les  resultats  avec  les  experiences  de  Pitz  et  Daily. 

1  -  CALCUL  AtRODYNAMiqUE 

1.1  Presentation 


1  ' eqn.it  J on  la  plus  grncralc  du  vecteur  tourbillon  ^  oblcnuc  par  t ian»I wfnaUoti  d«a  vqu<ii  luuu  ue 
Navicr  Stokes  a  fieri t  : 

(1)  J>iLf  ()  .  J-  vD  +  _Si_.  V27 - --  -P  - 

Dt  p  p7^  ’  p 3 

advectlon  dlirement  diffusion  source 


Dans  le  cas  d'un  ecoulement  plan  2D, 
adimciiH tunnel  le  : 


(2) 


D l 

Dl 


u 


•  VC 


V't 


incompressible , 


cette  expression  se  simp] if ie,  sous  forme 


Comme  le  montre  In  figure  1,  la  vittsse  U  est  decompose  en  2  parties,  une  poLer.ticlic  et  une 
lOtatiounel )e  U£  sa^lsfaj^^ant  separement  lc  condition  de  glissement  sux  patois,  aloro  que  phy Slquement ,  la 
viteSBe  total*  U  ■  Up  1  IK  aatisfalt  a  la  condition  d 1 adlu-rcncc -  La  cumposante  potentieliu  Up  est  obtenuc 
par  transformation  uouforice  (Schwartz-Christof fcl)  du  plan  phy&lque,  en  demi  plan  super ieur  du  domaine  com- 
plexe.  Dee  elemer  tn  de  vorticit£  (segments  cit  denaite  tourbl  1  lonnaire  conqrnr.t.?)  tmnt  rrefi*  A  to  p«rvi,  et 
traneiorm^E  en  tourbiilons,  induisant  un  champ  de  vltesse  cclc.ule  analy  t J  qvement  a  l'alde  de  la  lol  de 
Blut-Savart  flltr^c-  par  un  noyau  de  dimension  r«. 

I.a  procedure  gcnerale  utilise  le  priucipe  de  1 'eclatement  d'operateurs  pour  rcsoudre  l'Lq.(2). 

Lee  elements  sont  deplacen  par  convection  et  leur  mouveraent  au  haudrd,  avec  un  ceaxt  type  dependant  du 
nombre  de  ReynoldB,  oiodellse  le  terne  de  dlffuoion. 

Pour  de  plus  amples  details,  le  lecteur  eet  renvuye  aux  trsvuuX  de  A.  CHORIN  Kef,  1  et  2  . 


1 . 2  Calc vi  1  s 

U.H.  IIAI.D  1 3  ).  1.1.  BEAL1-  and  H.  MAJUA  I  4  I ,  C.  MAIU'HIUKO  and  M.  PIJLVIRENTI  (i)  onr  Clabll  les 
preuves  de  convergence  de  cede  methode  pot  rapport  aux  equations  dt-  Navicr  Stokes  en  milieu  ini  ini.  On  nc 
possede  pas  de  preuve  complete  en  icuulemrnt  interne,  avec  generaLion  de  rotatlomuL  ec  on  dolt  done  mcncr 
pruaemment  les  expurltriccs  numcriquee  afin  de  jugcr  da  rq  credibility. 

A  la  suite  d'essals  numn  Iques  et  sur  les  t  ouseils  dc  Y.  (JAGNON  ct  A.  GilONiEM  (6),  lee  r^^ultaLe 
presenten  eont  obtenus  avec  un  Bclicma  d'avancemenl  deo  Lourbiljons  d'ordre  2  en  temps  (RUNOE-KUTTA)  ,  uu  pas 
de  temps  At  "  U.2,  une  diecrctifibtlon  des  eiymentu  tourbi ] ionna ires  Al  -  0,04  et  one  taille  de  noyau  rD  «  0, 
La  prydeion  eat  d'ordre  2  en  temps  et  en  espace,  et  J  ‘^clsternem  d'operateur  donne  un  taux  dc  convergence 
proportionnel  A  ,  int£re8sant  pour  les  ccoulemeute  turbulcnta. 

*  R.V.M.  :  Random  Vortex  Method 

S.L.I.C.— V.O  i'r  :  Single  Line  Interface  Calculation  -  Volume  of  Fluid 


08. 


34-2 


I . 3  Rcsultats 

Sur  la  figure  n°  2  reprUoentaut  des  champs  instantands  de  rotationnel  et  dt*  vltcsse,  pendant  une 
pn<ase  de  developpemcnt ,  on  note  tout  d’ebord  une  crolsBance  stable  da  la  recirculation. 

Apreo  un  temps  reduit  de  10,  on  observe  one  destabilisation  due  a  2  effete  : 

-  ^amplification  des  oscil laticre  de  la  couchi-  cisaiJJee  qut  entralne  la  cassure  du  tourbillon 
principal  (1)  en  deux  parties  (1)  et  (2),  la  partie  (2)  £tant  convect£e  vers  l'aval. 

-  la  respiration  du  tourbillon  contrarotacif  (3)  dans  le  coin  de  la  carche  qui  ejecce  le  tojrbil- 
lon  principal  (J)  vers  1 'eemilemeiit  direct  et  favorisa  ainsi  1 ' engouff repent  de  fluide  depuls  le 
point  de  detachement  k  t ravers  la  zone  (4)  a  ure6  ba.>se  vi tease. 


Loraque  le  rugl&if  eat  etabli,  on  a  present*  figures  n°  3  et  une  sequence  de  champs  instancanes 
dr  rotat  ionivi 1  ,  da  vitesses  et  de  llgnes  de  courant  raetrant  en  evidence  la  dynsmique  dea  grosses  structures, 
bn  regie  ge^ernle,  le  tourbillon  principal  grossit,  attelnc  une  taille  critique  et  est  coup*  cn  deux  parties 
dunt  l'un>  8*/:chappe  verb  l'eval,  induisant  des  fluctuations  importantea  du  point  rie  recollament  (*  3  foie 
la  h/jutnur  de  tcarche),  J.'Acheile  de  temps  de  oe  ph*nomdne  est  grandfc  corcpar6*  d  1 '  instability  de  couche  ci- 
fi'ilHee.  Main  on  ne  retrouve  pas  une  periodic! te  nette  pour  ce  phrnomtne  et  les  analyses  de  Fourier  pour  le 
sign.':!  dr  Vitesse  en  un  point  donnent  un  spectre  a  bande  large,  oomme  remarque  experimentalement  par  S.W. 
PRONUCH1K  et  S..I,  KLINE  1  7  }. 

Sorit  enaulte  pr6sentees,  figure  n°  5,  les  vitesoes  moyennes,  avec  coraparaison  aux  mecures  de 
R.  PIT?.  et  J,  DAILY  {8}  et  les  llgnes  de  courant  uoy< nnes .  TouteB  ces  grandeurs  et  en  pflrtlculler  la  Vitesse 
de  retour  ica;dMii»  ainsi.  que  1* extension  de  la  zone  reclrculee  aont  cn  bon  accord. 


11  -  CALCUL  DE  IJO  lfiUSTION 
1 1 . J  Introduction 

La  plupart  dee  f) flumes  d'int*ret  industrial  brulcnt  dans  des  conditions  d 1  ccoulement  turbulent  et 
aouvent  ce  pi'oconsns  est  stabilise  par  une  zone  de  recirculation  induisant  des  vir.esees  plus  faibles.  Par 
rappert  A  la  classification  des  f lawmen  de  premelange,  on  se  place  dans  la  zone  ou  les  echellea  lntegrales 
de  la  turbvlence  9 j  aonc  plus  grander  que  l'epalsseur  de  la  flanme  e-f.  Dc  plus,  la  vitesse  de  combustion 
lamlnalre  etunt  plus  petite  que  l'energle  cinetique  turbulente  V^2  t  on  est  dans  le  regime  de  flammes 
plisseea  uypc  form.it ion  de  poches  (figure  n*  6). 

general,  ia  turbulence  fait  crott.re  le  taux  de  combust ic-ud Vt/dt  pur  augmuntat  Ion  de  la  surface 
de  contact  antic  guz  frais  et  brules,  n&la  aussl  par  l'etirement  local  des  particules  fluide  qui  favorise 
J 'eebange  turbulent.  On  lutroduit  alors  une  pseudo- Vitesse  de  combustion  turbulente  Ux  difference  de  L'j,  par 
le  rapport,  de  la  surface  de  contact  A(  A  Is  surface  moyenne 

(3)  _U| _ tL 

'L  I 

Dana  la  literature,  b!  l'on  reprend  figure  n°  7,  leo  correlations  propoeees  pour  cette  quantity, 
on  observe  que  oes  valeurs  sont  >  1  et  on  note  une  forte  dispersion  des  courbes  dues  aux  Ichelles  de  la  tur¬ 
bulence  et  aux  nombreo  de  Reynolds  turbulente  corsideres. 

Les  cajcule  numdriques  relatifs  a  la  combustion  dan.,  ce  regime  d'ecoul ament  turbulent  sont  deli- 
cats.  Les  djfficultea  viennent  : 

••  du  nodele  de  turbulence  proprerent  dit  s' 11  cst  monocchelle » 

-  du  BoJele  dc  combustion  turbulence,  la  loi  d' Arrhenius  itant  fortemenc  non  llneaire  et  falaaut 
Intcrvenlr  les  fluctuations  d'especes  chimiquea  et  de  temperature, 

-  de  la  presence  de  larges  gradients  de  Vitesse  et  dc  maasc  volumique  rendant  1 ’uti  1  i.iatlon  de 
grilles  Euluriennes  difficilee  et  induisant  eoit  des  instability,  soft  de  la  diffusion  nurerique 
a  moins  que  l'on  n'utilise  dee  malllages  plus  resflerr*B,  des  corrections  de  flux  ou  dee  grilles 
adaptat ives . 

11.2  Meddle  physique 

be  module  utilise  eut  base  «mr  )  ' algorithm  SL1C  et  lec  principals  hypotheses  »unl  les  suivantes  : 

-  le  rjilleu  est  suppose  compos*  de  2  milieux  incompresBibles  :  le  melange  ful  er  ]  en  XrOl*s  (b) 
ovpares  par  un  tront  de  ilatrme  mince  convectfe  par  1 'ecouletnent  et  se  propageant  avec  une  vitesae 
normale  U^. 

-  lee  gaz  frais  traversant  la  fldimae  subissent  une  dilatation  A  cause  de  1 1 exot heruicit^  de  la  reac¬ 
tion  et  un  tertne  de  source  volumique  apparalt  dang  l'4quotlon  de  continuity  correspondant  au 
passage  d*unc  masse  flx*e  Ara  de  fluide  de  la  masse  volumique  p  u  a.  p|j. 

-  la  cin*tique  chlmique  est  lnflniment  plu6  rspide  que  tou>  les  temps  caract^rietiques  de  l'Acou- 
lcment , 

~  les  effeta  de  compress! bilitd  eont  n*glig*s  :  les  ondcs  acoustiquee  se  propageant  infiniment  vice 
et  1* interaction  des  gradients  tangential  de  pression  et  normcl  de  masse  volumique  n'dtsnt  pas 
priae  cn  compte.  La  mod4lisaton  de  ce  terma  (Eq.  1}  en  milieu  infinl  a  AtA  faite  par  M.  FlNDEJtA 
{ 8  },  mals  son  ordre  de  grandeuc  dans  notre  caa  eat  difficile  a  apprAcler. 

a)  sQlvj  de  l'interface 

Le  Buivl  d* un  front  Lagrangien  est  difficile  d  cause  dea  di«continuit4u,  pointes  et  repllements 
que  l'on  rencontre  losqu'une  interface  est  *tir4e  ou  loreque  deux  interfaces  se  cuupent. 

La  m*thode  appliqu^e  ici  a* inspire  de  travaux  bien  connus  comm*  SLIC  cr  SLIC-VOF  du9  &  W.  NOH  and 
P.  WQODWAPJ)  (9),  A.  CII0K1N  (lO),  C.W.  HIRT  and  B.D.  NICHOLS  111},  A.  CkONIEM  {  12]  .  Le  domain®  physique  est 
dlvis*  en  cellules  carries  dc  cotA  hc  et  la  position  {  forms  du  Front  de  f lsmrte) est  reconrme  pour  cheque 
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cellule  (i,j)  *n  consid^rant  lea  fractions  brylees  f^des  cellules  voiaines  (figure  n"  8). 
d)  dynamlque  de  l1 Interface 

La  position  du  front  de  flamme  rf  est  t'Agle  par  1 'Equation  de  propagation  : 


(4) 


(5) 


<*?f 

dt 


«f 


et  lea  deux  operateurs,  adveccion  et  combustion  aont  done  success Ivement  appliques  : 

-  advection 

pour  une  cellule  i»j»  le  bilan  pour  la  fraction  brulee  ll,j  s'ecrit  : 

d . .1+1/2, J  ,  ,  v  xl,J  +  l/2 


— —  +  <uf  hc> 

dt  i-1/2. j 

? 


(v£  hc) 


1-r 


±L 


1. 3-1/2 


*>v 


A- 


IV 


Pendant  chaque  pas  de  temps  de  combustion  Ate,  les  deux  dernters  termes  qui  re jireuentent  le  1 1  ox 
a  travers  les  faces'de  lfl  cellule,  sont  evalues  par  lc  calcul  des  vitesaes  u  et  v  sur  une  grille  dec a lee . 

I.' interface  eat  depiacee  en  2  pas  f  ractionnalres  suivant  x  et  y  et  une  reconnaissance  de  forme  est 

operee- 


-  combustion 

La  ilanme  se  deplace  et  du  gar.  frais  esc  Lonsonjre  a  une  vitesse  normalc  Un-  Pour  les  ecou laments 
instationnaires ,  P.  CLAV/.N  et  G.  JOULIN  {13}  ont  montre  qu'une  quantlte  ecalaire  unique,  l'ctiremcnt  total/ 
control e  la  propagation.  Cet  etirement  esc  compost  de  2  parties  :  une  representant  I'effet  de  la  geometric 
du  front  d*  fltfcne  (courbure  K)  et  l'autre,  la  non  uniformite  de  1 'ecuulement  au  volsinage  de  la  flamme 
(tenseur  du  tt  v.  de  contraince). 

La  lot  correspondence  proposee  s'ecrit  : 


(6) 


3  4  A  (i  -  _L  _±L ) 

UL  H  0  dt 


I.a  courbure  R  eat  evaluee  coniine  dans  la  reference  {11}  (SOLA-VOF),  au  noeud  le  plus  pres  du  front 
cote  gaz  frelow  d'apres  les  valeurs  de  la  fraction  brulee  dans  les  8  cellules  voislnts.  l.'et iremert  local 
l/o  dn/dt  qui  ee  reduit  en  2D  a  dUc^dO  (U0  etant  la  vJtescje  tangente  au  front  60  colculc  coujours  du 
cote  gaz  fra.ts,  par  interpolation  d^s  vitesses. 


c)  exotherm!  citt- 

T.eri  nnrrfctili'K  fiuldpg  sort  flcc**‘lcrees  lo^squ' elles  traverscat  lc  front  dc  flunnr.c,  svee  un  t-&p 
port  d'cxpanslon  pu/^b.  Cut  effet  est  mod* 1 is*  en  plava.n.  Jet.  sources  vulumiques  caracter isecs  par  un  vltesse 
Ue  “  Un/2  (pj/pb-1)  dont  1'  intensite  A  i,  j  ent  facilemont  relice  a  la  variation  de  fraction  brulee  pendant  Ate- 


V)  A,,, 


)»c2  ^  ^  /^i,J  oru'ec 

2  pb  A  tc 


Les  sources  sont  discreciseeB  et  placces  juste  derriere  le  front  de  t lamme  du  cote  des  gaz  brul«6. 
Sur  la  figure  n°l,  une_troisleme  contribution  a  la  viteosC  Uq,appara?t  et  est  evaluee  par  un  traitement  ana¬ 
logue  aux  tourbi lions  U£. 


11.3.  Cslculs 

Les  calculs  suivants  ont  ete  realises  dans  is  cas  d’un  premclange  pauvre  de  propane  et  J'air,  de 
rlchesse  0,57  cor respondat.t  a  un  rapport  d'expansion  de  5  et  une  vitesse  de  combustion  laminaire  reduite 
Ub/U  oo"  0,015.  La  longueur  de  Marksieinift  intervenant  dans  (Eq.  b)  a  etc  prise  £gale  a  0,005-  Le  pay  ae  temps 
de  combustion  A tc  ■  0*025,  la  taille  des  cellules  carreea  hc  -  0.0b  et  lea  conditions  ii.  dales  bout  un  ecou- 
lement  aerodynamique  etabli  et  une  fraction  brulee f^  ■  1  dans  la  zone  recirculee  y  S  h. 

11.4.  Kesultats 


La  figure  ri®  9  compare  Involution  dsns  )e  temps  du  tsux  de  combustion  relatif  flu  debit  amont  en 
phase  d 'etablissement ,  ceci  pour  une  loi  de  propagation  constante  On  •  U|.  et  la  loi  variable  de  j 'equation  6. 
Cette  comparaison  est  completce  par  ]a  figure  n°  10  reprt  ;entant  une  sequence  des  champs  de  vitesse  et  de 
poaicion  de  flamme.  On  constate  que  le  taux  de  combustion  eat  plus  elev£  et  en  consequence,  la  flanune  plus 
plisSee  pour  la  loi  de  Clavin  et  Joulln  dont  la  forme  semble  plus  rcaliste  si  1'on  ee  refert  aux  visualisa¬ 
tions  par  oinbroscopie  correspondent^;  de  A.  CAN.ll  et  R.  SWAYER  {14}.  Apres  etablissement  du  processus  de  com¬ 
bustion,  on  a  repr^sente  i igure  n’  11,  une  comparaison  dee  champs  de  viteese  inetantanes  avec  et  sans  com¬ 
bustion.  On  remarque  done  une  flamme  iortement  pliss^e  avec  creation  de  poches  de  produits  frais  par  l’ecou- 
lemenr  rotationnel,  poches  q*ut  fie  consuraiaent  ensuite  assez  rapidement.  Four  ct  caa,  nous  crouvono  un  rapport 
Ul/L'L  "  2,9  qui  semble  en  accord  avec  les  rcoultats  de  P.  CLAVIN  et  F.  WILLIAMS  {15}  ,  avec  une  preturbulence 
au  niveau  de  la  position  moyenne  de  la  flamme  de  9  X .  I'r^s  oe  la  sortie,  les  vitesses  sont  plus  graudes  et 
il  en  r6si>ltc  un  gradient  de  pression  adverse  dans  la  zone  de  recollement  plus  petit  que  dans  le  cas  non 
react if . 
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AinsJ,  conrne  le  montrent  l*e  experiences  dr.  U.M.  KHUEN  {  16}  ,  dont  let#  resuitats  sent  preseutes 
1'gure  n*  l 2,  l'effet  d1 exothermic! t£ ,  imposanL  un  gradient  de  pression  adverse  molns  important*  rfduit  la 
longueur  da  recirculation .  Cede  reduction  est  £valu£e  d'apiSs  ros  r^eultats  k  1  i ois  la  hauteur  de  lamarche. 

De  pins,  6 1  I'on  r assemble  lee  resultxts  de  la  literature  (figure  n°  13)  8ar  I'ovolution  de  la 
longueur  t'#  ifCollement  xR/h  en  ionction  du  nomhre  de  Reynolds  bns£  eur  la  hauteur  de  marche  et  si  l'on  porce 
Jen  r^sultsty  dt  R.  PITZ  ei  J.  DAILY  en  combustion)  avec  one  viscositc  evaiu£«  k  la  tenip6rature  rooyinne  de 
Ja  couche  claaillee,  on  obtient  un  gllasemeut  sur  l'axe  ties  abscisses,  se  tradniaant  par  une  diminution  de 
Re  ds'.is  le  rapport  fp 1/b  -  On  se  trouve  done,  pour  ces  nombres  de  Reynolds  entre  10^  ec  10A,  dans  une 

aone  ou  lea  longueurs  recirculees  sont  ausal  plus  faiblee.  On  peut  done  ausal  penoer  quo  le  comporcement 
Initial  de  la  couche  cisaillee  et  sfl  cruissance  Jonent  un  role  important- 

Filifllemant,  nous  avons  coopard  figure  n°  14,  ies  champs  de  viresse  raoyennes  sur  hO  pas  de  temps 
succesnifo  avec  leo  experiences  dn  PITZ  et  DAILY.  Nous  obtenona  une  reduction  de  la  longueur  rccirculee  de 
xR/l;  *■  7,13  k  a, 7  et  une  augmentation  correepordantc  du  debit  volume  recircule  Qr/Q0  obtenu  par  integration 
des  vitesses  da  nr-  la  recirculation  13,5  i  a  17,5  X  mettant  en  evidence  des  vitesses  plus  turcer  en  combus¬ 

tion  au  droit  de  in  marche. 


Ill-  CONCLUSION 

I.'efiet  des  grasses  structures  tourbilloimaires  eur  le  front  de  flamme,  sen  plissement  er.  ia  crea¬ 
tion  de  poches  de  gaz  t’rais  peuvtnt  etre  etudies  de  rceuierc  fondamentale  par  ce  typo  de  rnerhode  instatlon- 
n3ire  et  Lsgrangienne,  couplee  a  un  algorithm  du  reconnaissance  de  forme  tres  periormant.  11  semble  que  la 
loi  de  propagation  variable  de  P.  CLAVIN  et  G.  JGULIN  donne  de  mellleurs  ref.ultata  concetnant  lu  longueur 
et  la  position  de  lu  ftammcy  ler  vitesses  et  1 'extension  de  In  zone  recirculee. 

Pour  I'avenir,  des  comparaisons  plus  ddtalllees  doivent  etre  roeneee,  en  utlllsant  plus  de  pas  de 
temps  de  calcul  pour  lee  6tatiutiques  turbulentes  ct  en  mettant  an  oeuvre  experimentalernent  des  6coulements 
bidlmenslonnels  et  des  visualisations  lnstantauces  de  front  de  flamme. 


Cette  6tude  a  partiellement  finance  par  la  DRET  (Direction  de;,  Recherches  et  Etudes  Techniques 
du  Miniature  de3  Armies),  par  la  Convention  d' Etudes  n°  86  002. 
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FIGURE  3  :  ECOULEMKNT  ETABLI  : 
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FIGURE  4  : 
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CHEMICAL  CHARACTERISTICS 

uL  :  laminar  normal  burning  velocity  of  the  fresh  mixture 
eL  :  laminar  flame  thickness 
oL 

Tc=yj-- characteristic  time  of  tho  laminar  flame 
TURBULENCE  CHARACTERISTICS 

k  :  turbulent  kinetic  energy 
It  :  integral  length  scale 

Tt  =s  -~r  characteristic  turbulont  time 

I  V  \>'2 

tK  =  ^|  Kolmogorov  time 
H  :  Kolmogorov  microscale 

RTp: critical  Reynolds  number  for  pockets  formation 


1  It 


Cl 

FIGURE  t>  :  CLASSIFICATION  PfcS  FLAMMES  TUK8ULENTES  DE  PREMELANCE 
D'APRKS  M.  BAkRLKE  KT  R.  BQKCUI 
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FIGURE  1 1  :  CHAW'S  UK  VITESSE  M  FRONTS  UK  FLAMMK 
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NUMERICAL  MODELLING 
OF  PREMIXED  FLAMES  IN  GASEOUS  MEDIA 

B.  LARROUTUROU 

INRIA 

Sophia- Antipolis 
06560  VALBONNE 
FRANCE 


ABSTRACT:  We  present  numerical  methods  and  numerical  results  for  the  propa¬ 
gation  of  premixed  flame  fronts  in  a  two-dimensional  gaseous  flow.  The  study  is  re¬ 
stricted  to  simple  rectangular  geometries,  and  considers  both  open  and  closed  vessels. 
The  methods  use  essentially  finite-element  approximations  and  adaptive  gridding  pro¬ 
cedures.  The  results  include  curved  flame  propagation,  cellular  front  instabilities  and 
quenching  phenomena  due  to  non  adiabatic  walls. 


1.  INTRODUCTION 


The  purpose  of  this  paper  is  to  present  some  recent  developments  in  the  field  of 
tlie  numerical  investigation  of  gaseous  combustion  phenomena.  M<  it  of  the  calculations 
reported  below  concern  two-dimensional  premixed  flame  propagatk  .1  problems,  and  use 
adaptive  gridding  techniques  in  order  to  reduce  the  comput  ational  cost  while  resolving 
accurately  the  small  length  scales  within  the  flame  thickness. 

The  advantages  of  an  adaptive  moving  grid  for  an  accurate  and  low-cost  solution 
of  flame  propagation  problems  are  now  well  established.  Since  the  combustion  and 
diffusion  inside  the  thin  reaction  and  preheat  zones  within  the  flame  thickness  determine 
the  flame  speed,  the  temperature  and  the  species  mass  fractions  must  be  computed 
accurately  in  these  regions;  on  the  other  hand,  these  variables  are  almost  constant  in 
wide  regions  apart  from  the  flame,  and  efficiency  dictates  to  use  a  coarse  computational 
mesh  there.  A  nor.  uniform  adaptive  grid  whose  dense  region  follows  the  propagating 
flame  is  therefore  necessary  for  an  accurate  and  low-cost  simulation  of  the  phenomenon. 

We  briefly  present  in  this  paper  some  one-  and  two-dimensional  adaptive  mesh 
methods  specifically  designed  to  improve  the  solution  of  stiff  (multi-scale)  combustion 
problems,  and  illustrate  them  by  showing  several  numerical  results.  These  results  in¬ 
clude  the  cellular  instabilities  of  a  flame  front,  and  the  extinction  of  premixed  flames 
propagating  in  a  channel  with  non  adiabatic  walls;  these  two  phenomena  are  stud¬ 
ied  in  the  framework  of  the  simplified  thermo-diffusive  model.  We  also  present  come 
realistic  results  showing  a  flame  propagating  in  a  compressible  Jow  Mach  number 
compressible  flow. 
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2.  ONE-DIMENSIONAL  MOVING  GRID  METHODS 


We  begin  by  presenting  some  adaptive  procedures  for  the  simulation  of  a.n  unsteady 
planar  premixed  flame  propagating  in  an  infinite  tube.  More  precisely,  assuming  for 
simplicity  that  a  single  one-step  chemical  reaction  A  — >  B  takes  place  in  the  gas  (but  the 
methods  remain  efficient  when  more  complex  chemical  effects  are  taken  into  account; 
see  [16]),  we  solve  the  following  system  of  normalized  Lagrangian  equations: 


{«: 


r„  =  n(r,y) , 
£r«  =  -n(r,y) 


where  T  is  the  gas  temperature,  Y  the  reactant  mass  fraction,  Le  its  Lewis  number 
(see  [17]).  The  normalized  reaction  rate  fi  is  given  by: 

nlr'1->  -  &'Y  '■  <“> 

P  being  the  reduced  activation  energy  of  the  reaction  (also  called  the  Zeldovich  number), 
and  a  being  a  positive  heat,  release  parameter.  The  boundary  conditions  associated  to 
equations  (2.1)  are  classical: 


0  as  x 


— oo  (fresh  mixture), 
+oo  (hot  gases). 


2.1  In  several  previous  studies  of  problem  (2.1)-(2.2),  we  have  used  a  mesh  who^e  nodes 
move  at  each  time  t  with  the  same  velocity  V(t).  In  other  words,  the  grid  is  traveling 
as  a  rigid  bodv  in  order  to  follow  the  propagating  flame.  The  grid  velocity  V(t)  can 
simply  be  taken  equal  to  the  instantaneous  average  flame  speed,  given  by: 


K(0*-  fX"  n(T,Y){z,t)  dx  , 

J  Ztt 


where  [xq.xjv]  is  the  computational  domain  (see  [13],  [14]).  A  better  choice  is  to  evalu¬ 
ate  the  grid  velocity  according  to  some  physical  conservation  principle  (see  [15]):  more 
precisely,  we  choose  the  nodes  velocity  V (f)  such  that  the  thermal  energy  contained  in 
the  computational  domain  remains  exactly  constant  (up  to  round-off  errors)  during  the 
calculation:  f*1*  T  =  Constant.  We  then  get,  instead  of  (2.4): 


.  a(T,Y)u,t)dx  +  r.(»)  -  r,tz„) 

r(i)  * - i»-rw - '  <25) 

This  method  revealed  to  be  very  efficient  and  gave  very  satisfactory  results  for  several 
one-dimensional  problems  (see  [13],  (14],  [15],  [16]). 

2.2  More  recently',  we  have  applied  to  a  simple  one-dimensional  flame  propagation 
problem  some  of  the  adaptive  moving  grid  methods  developed  by  J.  M.  Hyman  and 
the  author  (see  ( 1 1]) .  In  these  more  sophisticated  methods,  each  of  the  computational 
nodes  moves  at  each  time  step  with  its  own  velocity.  One  way  to  compute  the  nodes 
velocities  is  to  use  a  ”mesh  function"  w,  which  reflects  the  local  goodness  of  the  mesh 
(i.e.  the  accuracy  of  the  spatial  approximation  and  the  local  mesh  regularity).  Such  a 


mesh  function  is  often  used  in  time-dependent  calculations,  to  change  the  grid  at  some 
time  levels  and  generate  a  new  adapted  mesh  by  equidistributing  tv:  the  adapted  mesh 
(X,)  satisfies: 


^,  +  1/2 


w  —  Constant  for  all  i  , 


(2.6) 


(see  [14]  and  the  references  therein).  The  mesh  function  w  can  also  be  used  to  evaluate 
the  nodes  velocities  and  dynamically  adapt  the  grid:  for  instance,  the  mesh  points 
velocities  can  be  determined  at  each  time  step  by  solving  the  tridiagonal  system  (see 
[11],  [12]): 


W»  +  l/2 


AX, +  1/2 

AX,+ 1/2 


-Wi-i/2 


AXt— 1/2 


W+1/2  -  H'i-i/s)  , 


(2.7) 


where  AXj+i/2  =  X,+j  —  X,-  and  where  r  >  0  is  a  grid  relaxation  time. 

Figures  1  and  2  show  the  results  of  a  calculation  using  30  mesh  points  and  solving 
(2.1)- (2.2)  for  Le  —  1,  =  10  and  o:  =  0.8.  At  time  t  —  0,  the  30  nodes  are  uniformly 

spaced  in  a  domain  of  length  zjv(0)  —  zo(0)  =  20;  then,  they  move  according  to  equation 
(2.7).  Figure  1  shows  the  trajectories  of  the  mesh  points,  and  figure  2  shows  the  (steady- 
state)  temperature  and  reaction  rate  profiles  and  the  nodes  distribution  at  the  end  of 
the  computation.  This  promising  method  is  currently  extended  to  two-dimensional 
problems. 


3.  NON  ADIABATIC  CURVED  FLAMES 


In  collaboration  with  F.  Benkhaldoun  and  B.  Denet,  we  have  investigated  the 
propagation  of  a  premixed  flame  in  a  rectangular  channel  with  non  adiabatic  walls,  in 
the  framework  of  the  well-known  thermo-diffusive  model,  which  hue  been  used  for  a 
long  time  by  the  physicists  to  study  flame  propagation  phenomena  in  which  the  gas 
flow  does  not  play  a  primary  role  (see  jl],  [18],  [19]).  More  precisely,  considering  a  tube 
of  width  L,  we  solve  the  normalized  reaction-diffusion  equations: 


Tt  =  at  +  n(T,y) , 

Yt  =  £a y  -  n (T,Y)  , 


(3.1) 


in  a  rectangle  [a,  6]  x  [0,  L\.  Equations  (3.1)  are  associated  with  the  following  boundary 
conditions: 


and: 


(T(a,y,t)  —  0,  Y(a,y,t)  -  1  (fresh  gases)  , 

\  T~(A  y.  •')  =  0,  YJKk,y,t)  —  0  (burnt  gases)  , 


(3.2) 


ay  dT 

dn  ’  ~dn 


-K.T  , 


(3.3) 


on  the  walls  y  =  0  and  y  =  L.  The  last  condition  represents  a  thin  poorly  conducting 
wall  whose  outer  surface  is  maintained  at  the  fresh  mixture  temperature  T/  =  0;  n  is 
the  outer  unit  normal  on  the  channel  wall,  and  K  is  a  normalized  heat  loss  parameter. 
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As  expected  from  a  physical  point  of  view,  we  observe  that  the  time-dependent 
dame  eventually  extinguishes  if  the  heat  loss  coefficient  K  is  large  enough,  say  K  > 
Kiim-  On  the  other  hand,  when  K  <  Knm,  the  solution  converges  to  a  steady  non  adia¬ 
batic  curved  flame  (see  figure  3).  Moreover,  it  appears  from  our  numerical  experiments 
that  the  extinction  value  Kum  of  the  heat  loss  parameter  varies  as  the  inverse  of  the 
reduced  activation  energy  0  of  the  reaction;  the  same  result  was  found  analytically  in  a 
one-dimensional  setting  (see  [7]),  but  there  exists 'no  similar  analysis  of  flame  quenching 
in  a  multi-dimensional  context. 

These  two-dimensional  calculations  use  a  finite-element  approximation  on  an  adap¬ 
tive  moving  grid.  The  grid  moves  at  each  time  step  as  a  rigid  body,  as  explained  in 
Section  2.1.  Moreover,  at  some  time  levels  during  the  computation,  the  grid  is  changed 
to  a  better  adapted  mesh.  In  order  to  realize  this  "static  adaption"  in  a  simple  way,  we 
use  a  computational  mesh  which  is  divided  into  horizontal  straight  lines,  and  employ 
the  one-dirnensional  equidistributing  procedure  (2.6)  on  each  of  these  lines  (see  [2],  [4] 
for  the  details).  The  adaptive  mesh  corresponding  to  the  steady  carved  flame  of  figure 
3  is  shown  on  figure  4. 


4.  THERMO-DIFFUSIVE  CELLULAR  INSTABILITIES 


We  now  consider  the  adiabatic,  thermo-diffusive  model  (with  K  =  0  in  (3.3)). 
It  is  known  from  the  asymptotic  analyses  for  large  activation  energies  that  the  planar 
flame  is  unstable  to  two-dimensional  perturbations  for  some  values  cf  the  Lewis  number 


and  of  the  reduced  activation  energy,  and  that  cellular  instabilities  then  appear  (see 
[18],  (1*)]).  In  fact,  solving  this  problem  is  not  an  easy  computational  task,  because 
these  instabilities  occur  on  a  time  scale  which  is  much  larger  than  the  flame  transit 
time  (defined  as  the  ratio  of  the  asymptotic  flame  thickness  to  the  asymptotic  flame 
speed),  and  they  appear  only  if  the  channel  width  is  sufficiently  large  compared  to  the 
flame  thickness.  The  numerical  study  of  this  phenomenon  therefore  requires  an  efficient 
(vectorized)  adaptive  computer  code. 

We  have  computed  these  instabilities  using  a  semi-implicit  version  of  the  finite- 
element  technique  briefly  described  in  the  previous  section,  in  collaboration  with  F. 
Benkhaldoun  (see  [5]),  We  also  have  investigated  the  same  problem  in  collaboration 
with  H,  Guillard  and  N.  Mamar.  using  a  pseudo-spectra!  approximation  (see  [0 J ) .  In 
this  latter  case,  we  use  an  expansion  in  Fourier  series  in  the  ^-direction,  associated  to 
an  adaptive  finite-difference  formulation  in  the  ^-direction  (the  Neumann  conditions 
(3.3)  at  the  walls  are  then  replaced  by  a.  periodicity  assumption).  This  pseudo-spectral 
method  (which  might  of  course  be  less  easy  to  employ  and  less  efficient  in  the  case  of 
a  more  complex  geometry)  uses  highly  vectorized  fast  Fourier  transforms  routines,  and 
revealea  to  be  very  accurate  and  efficient  for  the  problem  under  consideration. 

The  typical  evolution  of  the  isotherms  is  shown  in  figure  5  for  Le  =  0.7  and  /?  =  10; 
the  last  view  corresponds  to  the  steady  state. 


I.X’TVW-  ■  ■ 
.■  .*»V  *>■ 

•  •  V 


,•  ’  V  v  .  \ 


5.  TWO-DIMENSIONAL  COMPRESSIBLE  REACTING  FLOWS 


We  now  end  this  paper  by  considering  more  realistic  systems  of  governing  equations 
describing  two-dimensional  premixed  flames. 

We  still  assume  that  the  mixture  is  made  up  of  only  two  species  A  and  B,  and 
that  the  single  irreversible  one-step  reaction  A  — *  B  takes  place  in  the  gas.  For  the 
sake  of  simplicity  we  also  neglect  the  viscous  and  external  forces  effects.  We  will  then 
consider  the  following  system  of  equations  (see  [8],  [20]): 

’  fit  +  ^\PV)  =  0  , 

(pu)<  +  V  .(puV)  +  px  =  0  , 

,  (pt-)t  +  V.{pvV)  +  pv  =0  ,  (5.i) 

pcpTt  +  pcpV.VT=^.{\^T)+pt  +  7.^p+Qu>{T,Y)  , 

pYt+  pV.^Y  =  V.(pDVY)  —  mu(T,  Y)  , 

.  mp  =  pRT  . 

In  this  system,  p  is  the  mixture  density,  ti  and  v  are  the  components  of  the  velocity 

V ,  p  is  the  pressure;  T  is  the  temperature,  cp  is  the  constant  pressure  specific  heat  of 
the  mixture,  A  the  thermal  conductivity,  Q  the  heat  released  by  the  chemical  reaction 
and  oj  is  the  (dimensionalized)  rate  at  which  this  reaction  proceeds.  Moreover,  Y  is  the 
mass  fraction  of  the  reactant  A,  D  is  its  molecular  diffusion  coefficient,  and  m  is  the 
molecular  mass  of  the  reactant. 

5.1  In  order  to  numerically  investigate  the  solutions  of  this  system,  we  use  a  slightly 
different  formulation.  We  introduce  the  variable  E  as  the  sum  of  the  internal  and 
kinetic  energy  ( E  =  pcvT  +  -^(u2  +  t/2),  e„  being  the  constant  volume  specific  heat), 
and  rewrite  equations  (5.1)  in  conservative  form  as: 

Pt  +  (pu)z  +  (pv)v  =  0  , 

(pu)t  +  (pus  +  p)x  +  (puv)„  =  0  , 

(. pv)t  +  (puv)r  +  (,0V2  +  p)v  =  0  , 

Et  +  [u(£  +  p)],  +  [t,(£  +  P)}v  =  V.(A^T)  +  Qu(T,  Y)  ,  (5'2) 

(pY)t  +  (pY u)„  +  (pYv)u  =  V.(pD^Y)  -  mu(T,Y)  , 

,  mp  —  pRT  . 

It  can  be  noticed  that  the  left-hand  side  of  the  four  first  equations  in  (5.2)  ex¬ 
actly  form  the  classical  Euler  equations  for  perfect  gas  inviscid  flow.  Starting  from  this 
observation,  and  because  these  hyperbolic  terms  play  a  major  role  in  a  reacting  flow 
described  by  (5.2),  we  use  a  numerical  approach  based  on  an  upwind  finite-element 
solver  developed  at  INRIA  for  the  Euler  equations.  This  solver  uses  a  finite-volume  up¬ 
wind  formulation  on  an  unstructured  finite-element  triangulation,  with  a  second-order 
approximation  of  the  flux  terms  (using  a  MUSCL-type  interpolation  and  slope  limiters; 
see  [8]  for  the  details).  For  the  remaining  terms  in  (5.2)  (namely,  the  diffusive  and 
reactive  terms  in  the  energy  equation  and  all  terms  in  the  mass  fraction  equation),  we 
simply  use  a  classical  mass-lumped  finite-element  formulation.  For  the  time  integration, 
we  use  cither  a  forward-Euler  explicit  scheme,  or  a  semi-implicit  formulation  in  which 
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the  *  Euler  terms”  are  treated  using  a  linearized  backward-Euler  implicit  scheme.  We 
reier  the  reader  to  [3],  [lOj  for  more  details  about  this  numerical  approach,  which  has 
been  developed  in  collaboration  with  P.  Benkhaldoun,  A.  Dcrvieux,  G.  Fernandez,  H. 
Guillard  and  A.  Habbal. 

5.2  An  example  calculation  is  shown  on  figure  6,  for  the  propagation  of  a  flame  inside 
a  closed  square  vessel.  In  this  experiment,  the  mixture  is  initially  cold  and  at  rest,  to 
ignite  the  gas,  we  impose  a  hot  temperature  on  a  segment  of  the  upper  boundary  (the 
remaining  walls  are  assumed  to  be  adiabatic).  The  flame  begins  to  propagate  with  a 
spherical  shape,  and  then  interacts  with  the  lateral  walls  and  tends  to  become  planar 
while  propagating  downward.  The  strong  expansion  of  the  gases  after  ignition  appears 
on  the  left  upper  view  of  figure  6.  This  calculation  was  realized  with  a  preliminary 
explicit  non  adaptive  version  of  the  computer  code:  it  can  therefore  be  noticed  that 
the  physical  parameters  have  been  chosen  in  order  to  obtain  a  relatively  thick  flame  so 
that  the  problem  can  be  adequately  solved  with  a  uniform  non  adaptive  mesh. 

5.3  Figures  7  to  10  concern  a  different  physical  problem.  We  consider  a  steady  curved 
flame  in  a  rectangular  open  tube;  an  inflow  of  fresh  mixture  is  introduced  at  the  left 
end  of  the  channel,  and  the  flame  is  ignited  and  anchored  at  a  hot  point  B  located  on 
the  upper  wall.  Two  different  adaptive  procedures  are  used  in  combination  with  the 
finite-volume/finite-element  scheme  described  above: 

(i)  We  first  employ  the  adaptive  procedure  mentioned  in  Section  3:  the  two- 
dimensional  mesh  is  divided  into  parallel  straight  lines  for  which  a  one-dimensional 
equidistributing  method  is  used.  The  steady-state  isotherms,  the  reaction  rate  con¬ 
tours  and  the  corresponding  adapted  triangulation  presented  in  figure  7  show  that  the 
reaction  zone  is  again  well  resolved  by  the  algorithm.  The  comparison  with  the  results 
obtained  on  a  uniform  me3h  with  twice  as  many  nodes  is  much  conclusive  (see  figure 
8). 

(ii)  An  alternate  approach  is  based  on  progressive  mesh  enrichment  by  element 
division,  more  precisely,  after  a  first  calculation  on  a  coarse  mesh,  we  divide  each 
triangle  in  which  the  reaction  rate  w  is  larger  than  a  given  value  into  four  new  triangles 
(each  triangle  in  the  first  row  of  undivided  triangles  is  then  also  divided  into  two  or 
three  subtriangles,  in  order  to  obtain  an  admissible  finite-element  triangulation).  This 
enrichment  can  be  applied  several  times  in  a  row:  in  the  calculation  whose  results  are 
shown  on  figures  9  and  10,  the  triangutation  is  enriched  three  times  for  various  levels 
of  w.  Again,  the  comparison  with  the  coarse  mesh  results  of  figure  8  shows  that  the 
mesh  refinement  highly  improves  tire  resolution  in  the  flame  region. 


6.  CONCLUSION 


W'e  have  presented  a  sample  of  methods  presently  developed  at  JNRIA  for  combus¬ 
tion  calculations.  These  methods  range  from  pseudo-spectral  approximations  for  some 
fundai  tental  flame  propagation  problems  in  simple  rectangular  geometries  to  finite- 
element  methods  on  unstructured  grids  for  the  solution  of  the  full  system  of  governing 
equations  of  a  compressible  reacting  flows. 
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We  hope  to  have  shown  that  adaptive  gridding  techniques  are  now  efficient  tools 
for  the  numerical  simulation  of  thin  premixed  flames  in  one  or  two  space  dimensions, 
Although  several  further  improvements  still  need  to  be  investigated,  we  think  that  the 
development  of  these  procedures  has  now  come  to  a  point  when  they  can  be  used  to 
improve  the  numerical  solution  of  industrial  combustion  problems. 
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Figure  1:  Trajectories  of  the  moving  nodes  for  t  <  4.5. 
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Figure  6:  Flame  propagation  in  a  closed  vessel:  velocity  field  and  mass  fraction 
contours  at  four  successive  time  levels. 
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Figure  7:  Thermally  anchored  flame:  steady-state  isotherms  and  reaction  rate 
contours  on  an  adaptive  31x1  1  mesh. 
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Figure  8:  Thermally  anchored  flame:  steady-state  isotherms  and  reaction  rate 
contours  on  a  uniform  61x11  mesh. 
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Figure  0;  Thermally  anchored  flame:  blow-up  of  the  steady-state  reaction  rate 
contours  on  an  enriched  mesh  (1472  nodes). 
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L  utilisation  des  techniques  Je  dcplaccment  dc  mail  tape  ne  risque- 1  die  pas  dccausvi  des  delm  .nations  Hop  unporianks 
du  inaillagc? 
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Si  pour des  raisons dc precision  (on  de  stnhjlitedii  schema) on  veutcvitci  des  deformations  Hop impoj tantsdu  ntnilla^c.  il 
esi  possible  dmelure  lies  tenues  peometriques  dans  les  procedures  d  adaptation  du  majila^c.  C  'cs  itrnies  lend  root  a 
pioduire  le  maillupc  le  plus  tcgulici  «ni  Ic  plus  orthogonal  possible,  (e  .g.  J.U.Hi.iekhi'l  &  Salt/ntann  J.S.J.  Comp.  46  342 
(  WK2)ct  Numerical  ( irid  Genet  aiioii.J. Thompson  ed.  Hscvicr  NY  ( 1 9S2). 
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A  theoretical  analysis  /!/  led  to  an  evolution  lav  for  a  flame  front  propagating  In  a 
non-uniform  flow  when  the  scales  of  the  non-ur  If  oral  ty  of  the  flow  are  well  larger 
than  the  flame  thickness.  Thin  lew  gives  the  local  burning  velocity  of  the  tJamo  front 
as  a  function  of  the  "fla/ie  stretch"  which  cen  be  split  In  two  parte,  one  accounting 
for  the  gso'.ietry  of  tho  front  and  the  other  for  tha  non-uniformity  of  the  flow.  In 
auch  a  law,  ell  the  physico-chemical  properties  nf  the  mixture  are  lumped  in  only  two 
scale  facto.-e. 

A  theoratlcal  determination  of  one  of  these  two  9cale  factors  (l.e.  the  so-  called 
Mark* tain  length)  is  developed  in  e  first  part  of  the  present  paper.  In  a  second  part 
an  experimental  test  of  the  evolution  lev  is  presented  in  different  flame  end  flow 
configurations,  which  leads  to  k-xperimental  vaxuee  for  the  two  scale  factors  In  the 
case  nf  lean  propane-oxygen-nltrogen  nlxtur*s.  Finally  experimental  and  theoretical 
valuae  are  compared. 


nomenclature 


Subscripts 


B  pre-exponential  constant  ;  Eq.(3) 

C  mixture  specific  heat  at  constant  pressure  ; 

Kq.(3) 

D  coefficient  of  binary  diffusion  of  the  reactant 
into  tha  upstres-c.  mixture 
IK  /p  C  :  thermal  dlffualvlty  of  the  upstream 

th  u  u  p 

mixture 

E  activation  energy  ;  Eq.(3) 

J,K  integrals  defined  In  F.q.O) 

L  Marketr.ln  length  ;  Eq.(l) 

Le-P  ,^/D  :  Lewis  number 
V"^tt/Ued  :  a^iejatI-c  thickness 

n  norma1,  cooidlnate  to  the  flama  front  ;  Eq.(3) 
n,  unit  nurmal  to  the  fletne  front  ;  Eq,(l) 

Mk-L/tT  :  Marks tain  number 
r  perfect  *»■«  constant  ;  Eq.(3> 

Pj ,3^  :  flame  front  principal  radii  of  curvature  ; 
Fq.f1) 

e  binary  thermal  diffusion  factor,  between  the 
reactant  and  the  mixture.  Eq.(4) 


u  upstream  mixtuTe 

ad  computed  at  the  adiabatic  flume  temperatuie 

R  c3t£puted  at  rhe  reaction  temperature 

I  -  INTRODUCTION 


The  burning  velocity  of  a  preroixed  flame 
propagating  in  a  ron-uniform  flc”  is  widely  known 
Co  be  dependent  on  the  hydrodynamic  conditions 
experienced  by  the  flame  via  the  so-called  flame 
stretch  since  the  pioneering  works  of  Karlovitz 
et  el.  /2 /  and  Karkstein  / 3/ . 

Such  a  property  is  evidenced  by  the  basic  theory  of 
P.  Clavin  end  G.  .loulin  / 1  /  which  moreover  gives  an 
expression  for  the  local  flam*  burning  velocity 
du  a  function  of  the  flams  stretch  l.e.  : 


u 

n 


ad 


L  (u 


(i-  +  s-)  +  n  .  Vu  .  n) 

h  *2  ~ 


<D 


In  this  equation  (i/Pj  +  1/R~)  to  the  flame  front 
mean  curvature  (defined  to  be  positive  when  rha 
center  of  curvature  la  located  within  the  fresh 
mixture) .  v«»  la  the  rats-of-ctraln  tensor  In  the 
fresh  mixture  extrapolated  to  the  flame  front  and  n 
Is  the  unit  vector  normal  to  the  flame  front. 

In  such  an  equation  for  the  flame  burning  velocity 
u  all  the  physico-chemical  properties  of  the 
mixture  ere  lumped  in  only  two  scale  factors  : 


T  temperature 

^  upstream  velocity  vector,  extrapolated  at  the 

flame  front  position  ;  Eq.(l) 

u  t irmal  flame  velocity,  relative  to  the  upstream 
n 

gas  ;  Fq.(l) 

II  -  u  fv  .  :  reduced  normal  flame  velocity 
n  n  an 

u  burning  speed  of  the  unatretched,  planar  flame  ; 

ad 

Eq.  (0 

Y  reactant  seeled  mesa  fraction,  Eq.(5) 

z  axial  coordinate 

P  -  E(T  ,-T  )/RTa,  :  Zel'dovlch  number  ;  Eq.(8j 
ad  u  ad 

B  ,,  effective  Zel’dovlch  number  :  Fq.(7) 
ef  f 

Y  "  (T  -T  )/T  .  s  scaled  reaction  enthaLry  ;  iq.(4) 

ad  u  ed 

c.  reduced  flank'  stretch  defined  in  Fq.(9) 

6  -  (t-t  ) / (T  ,-T  )  :  scaled  temperatuie  Increment  ; 
u  ad  u 
Eq.O) 

X  mixture  heat  conductivity  ;  Fq.(3) 

4  -  X/X  ,  F.q.(5) 

u 

P  mixture  density  ;  Eq.(3) 


-  the  burning  velocity  u  ,  of  the  flame  in  absence 
of  any  stretch  or  curvature  effect  (the  burning 
speed  of  the  ideal  "one  -  dimensional  planar 
flame1') , 

-  the  coefficient  of  proportionality  relating  the 
change  In  flame  speed  to  stretch  and  curvature 
ef facta,  i.s.  the  co-c*llsd  Marketein  length  L. 

The  first  part  of  the  present  paper  Heals  with  a 
theoretical  determination  of  the  Marketein  number 
MU  -  L / £_  (i.e.  Cii»  iloi. ke» :.«Iu  length  scaled  by  the 
flame  thickness)  Including  the  case  of  lean 
mixtures  of  an  heavy  hydrocarbon  (without  aiy 
restriction  about  the  order  of  magnitude  of  La  -  I 
end  of  5oret  coefficient  b) .  An  explicit  equation 
relating  the  Marketein  number  Mk  to 
physico-chemical  parameters  of  the  mixture 
(activation  energy  of  the  overall  chemical  process, 
expansion  ratio,  effective  Lewis  number,  brat 
conductivity  and  heat  capr-Ity  of  the  mixture)  ip 
given. 

ti  a  second  part  an  experiment  1  teat  ol  Eq.(l)  Is 
done  In  cases  of  lean  propane-oxygen-nitrogen 
mixtures,  which  are  usually  considered  as 
representative  of  leei  mix cures  of  heavy 
hydrocarbons.  By  using  a  large  number  ot  steady 
flame  end  flow  configure  Ions  (  l.e.  of  flame 
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strstches)  *xptrim#nt»l  val use  of  the  reference 
burning  velocity  «  .  and  of  the  Marksteln  number  Mk 
ere  obtained . 

Finally  tha  experimentally  found  value  of  tha 
Marksteln  number  1b  compered  with  tha  one  computed 
from  tha  equation  obtained  In  the  first  part  cf  tha 
present  paper,  A  surprisingly  good  agreement  is 
obtained  between  the  two. 

II  -  THE  MARKSTEIW  KWHS*;1;  :  A  THFORFTICAL 

To  obtain  intimates  of  the  Marksteln  length 
Involved  In  (1),  we  need  to  introduce  a  combustion 
model,  then  to  solve  the  corresponding  conservation 
equations  Jn  various  situations  of  weak  stretches 
and  curvatures. 

II. 1  -  Model 

W#  assume  that  the  burning  process  may  be 
represented  as  an  overall .  one-step,  irreversible 
reaction  : 

Fuel  +  Oxidizer  +  Products  +  heat  (2) 


II ,  ?  -  Results 

A  remark  worthnot icing  is  that  a  purely 

phenomenological  or  geometrical  Interpretation  of 
the  constitutive  law  (1)  would  a  priori  assign 
different  values  I,j  end  L^  to  t^1*  coefficients 

of  +  1/R2)  and  n  .  .  n.  However,  it  is 

readily  checked  that  the  Merksteir  lengths 
corresponding  to  the  present  ''-model  he-e  ■  common 
value,  1-  ,  irrespective  of  the  values  assigned  to 
the  physico-chemical  parameters  characterising  tbs 
mixture.  This  is  best  shown  by  considering  a 
steady,  adiabatic  spherical  flame.  for  which 
n  .  Tu  .  n  •  -  2  u  /r_  and  the  effects  of  stretch 
and  curvature  ere  found  to  cancell  each  other  for 
any  value  of  the  flame  radius  r  .  To  compute  I.,  it 
is  thus  enough  to  consider  a  weakly  stretched 
planer  flame  in  a  stagnation  flow.  For  thia 
one-dimensional  configuration,  t  straightforward  - 
albeit  lengthy  -  computation  yields  : 

ft 

Mk.  .  .  -  J<Y)  +  -2-^  K(Le,«fY)  (4) 

o-model  / 


and  we  reotrtet  our  attention  to  fv^l-lenn 
mixtures.  The  changes  in  oxidizer  mass  fraction  are 
neglected  (lean  mixture) ,  the  effects  dua  to  the 
cloaeneag  to  stoichiometry  being  briefly  evoked  in 
Section  IV.  An  inert  gas  (e.g.  N  )  Is  also  assumed 
to  be  present  in  the  mixture,  in  large  sxesrs. 

V«  further  assume  that  the  reaction  rate  may  be 
modelled  by  a  ^-function.  the  weight  of  which  being 
chosen  euch  that  the  normal  component  \  gT/;*\  of 
the  conductive  haet  flux  undergoes  the  Jump  : 

r  +  "E/RTP  1/7 

I'i>.--<n"cp  s,  4  V 

O) 


for  the  "Harketein  number  1  Mk  -  L/l_.  where  : 
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In  (5),  A(8,y)  stands  for  X/l  when  expressed  in 
term,  of  Y  -  (T^  -  Tu)/T,d  »nd‘e  .  (T--.^ /(T^-T^ ; 
the  reduced  fuel  mass  fraction  Y  -  y/y  is  given  in 
terms  of  0  by  the  linear  ODE  :  1‘ 


across  tba  reaction  aheet.  along  which  the  fuel 
mass  fraction  vanishes  (all  the  symbols  involved  in 
(3)  the  subsequent  formulae  ere  defined  in  the 
nomenclature).  The  expression  (3)  for  the  overall 
rare  of  hear  release  per  unit  area  of  reaction 
sheet-  has  been  selected  so  as  to  ensure  that  it 
gives  the  same  adiabatic  flame  speed  u  .  as  the 
leading  order  asymptotic  result  /*/,  when  the 
Arrhenius  law  is  adopted.  Notice  that  the 
dependence  A)  on  temperature  of  the  collision 
frequency  has  been  retained  as  the  only 
T-depsndsnce  of  the  pre-exponential  factor  of  the 
Arrhenius  law,  and  that  an  ovsrall  reaction  order 
of  2  has  beer  selected  (hence  the  factor  p?)  to 
obtain  no  pressure  dependence  of  u  as  it  in 
nearly  the  case  for  the  -O^  mixtures  used  in 

our  experiments  !b! ,  Finally,  among  the  various 
molecular  mechanisms  of  heat  and  mass  transport,  we 
only  retain  the  conduction  of  best,  along  with  the 
Fickisn  and  thermal  diffusions  of  the  fuel.  In 
particular,  the  Dufour  mechanism  is  omitted, 
because  it  only  gives  a  very  small  contribution  to 
the  heat  flux  /fi/s  *■  well  a-  ths  s.x:liico=por.sr.t 
diffusion  effects,  alnce  they  only  mildly  affect 
the  Ksrkoteln  length  as  estimated  by  asymptotic 
models  /4/,  for  diluted  enough  lean  mixtures  of 
propane.  By  the  same  tok«n,  C  ,  rp  and  the 

thermal  diffusion  coefficient  s  Eay  be  esfvty 
considered  as  composition  independent  (across  the 
l  ama)  end  ere  assigned  values  corresponding  to  the 
diluent  or  to  diffusion  into  it. 

Even  though  (3)  lesds  formally  to  the  came  value  cf 
it  .  as  the  leading  order  asymptotic  analyses,  which 
pSituJate  E/RT^  »  1,  and  the  tor®  of  (2)  is 
suggested  by  such  analyses,  we  do  not  r.»ed  here  to 
assume  that  the  activation  temperature  E/k  is  very 
large.  For  thie  reason,  no  e  priori  assumption  on 
the  magnitude  of  Le  -*  1  and  the  Soret  coefficient  « 
needs  to  be  introduced. 
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which  involves  the  Lewis  number  he  and  the  Soret 
coefficient  o  corresponding  to  the  KIckian  and 
thermal  diffusions  of  the  fuels  Into  the  diluent. 
The  ”ef fective"  Zel’dovich  number  8^  is  defined 
by: 
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and  measures  the  fractions!  change  of  the  rate  of 
heat  release,  given  by  (3),  as  the  reaction 
temperature  T  varies  about  T  The  integral  J(y) 
accounts  for  the  density  changes  across  the  flame, 
whereas  K(Le,s,Y)  measures  the  etretch- induced 
variations  in  reaction  temperature  :  TR  -  " 

(T  ,-T  )  Ka,.8,Y)<t/K,  +  1/R,  +  n.Vli.n/u  );  v, 
ad  u  i  L  —  ^  —  aa 

note  that  K(1,0,y)  -  0.  The  above  expreaeion  of  the 
Mark* tain  number  MV  ran  be  compared  vith  thst  given 
by  an  asymptotic  theory  M/  / 6/,  namely  : 

^asyn  -  J(T)  JtS(,'n>’r5  +  f  » 

(8) 

which  assumes  that  B  5  E  ^ad”^u^  ,#l<Tad  *  *° 

P(Le-l)  and  0o  are  0(1)  quantities.  Equation  (8)  is 
merely  an  expansion  of  (*»)-(7)  fnr  B  Le-1  ^  a 

-  0(1/8),  Therefore,  comparing  (8)  and  (G)-(7)  can 
give  informations  on  the  accuracy  of  the  former, 
whan  neither  the  rociprocel  ZelVovith  number,  ncr 
(Le~l)  nor  a  are  vaniahingly  enall  quantities,  a 
case  of  practical  Interest  •.specially  vnen  heavy 
hydrocarbons  or  very  light  fuels  are  involved. 
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III  -  THE  KARKSTE1N  PUMPER  :  AN  EXPERlHFKTAT. 

DETEBH1 NATION 

III. I  -  Experimental  setup 

For  sake  of  simplicity  the  experimental  test  of 
Eq.(I)  end  determination  of  the  Marketeln  number 
have  been  performed  using  axioymmetrie  flovu  end 
flame  shape*.  The  experimental  eetup  described 
elsewhere  / 7/  la  sketched  In  Fig.  1  :  the  reactive 
mixture  flows  out  of  a  cylindrical  tuba  and  then 
Impinges  on  a  flat  stagnation  surface.  Using  Bitch 
an  experiment  al  device  different  kindle  of 
axiaymjetrlcel  flameo  (ranging  from  classical  flat 
flames  In  stagnation  flows  to  Inverted  curved 
flames)  can  be  stabilised  «t  sufficiently  large 
distances  from  both  the  burner  exit  and  stagnation 
surface  to  avoid  «  thermal  coupling. 


ucmtici 


Schematic  refheslntatioh 
\  IG.  1  0*  THE  FLOW  FIELD. 


picture- a  of  the  flense  and  I..D.V,  measurement* 
along  the  axis  of  avmmatry.  If  the  corresponding 
local  flame  burning  velocity  u  can  be  measured  for 
each  configuration  the  2 Inear  dependence  of  u  on 
the  flame  etretchea  e  inferred  from  Fq.(9)  can  Then 
be  tested.  In  case  of  e  reesonabla  agreement  the 
values  o*  the  Marksralo  number  «•  veil  as  of  thu 
reference  flame  speed  u  .  can  be  obtained  for  a 
giver  mixture.  1 

III. 3  -  The  flam?  burning  velocity  u^ 

A  priori,  there  exists  $  difficulty  In  an 
experimental  determination  of  the  local  flame 
burning  velocity  u  .  Indeed,  In  the  non-uniform 
flows  In  which  th?  flames  are  stabilized,  the 
velocity  of  the  flow  has  a  different  value  at  each 
point  of  space. 

It  should  be  noticed  that  even  If  the  typical 
length  bcalc  of  tn#  velocity  gradient  remains 
larger  than  the  flee*  thickness,  a  chonge  In  the 
definition  cf  u  involving  a  spatial  translation  of 
the  order  of  fffs  flame  thickness  Induces  a  change 
in  the  value  of  u  of  the  sane  order  of  magnitude 
as  the  second  term11  featuring  in  the  right  hand  aide 
of  Fq.(l). 

Thus  In  order  to  make  a  consistent  comparison 
between  theoretical  and  experimental  values  of  the 
Marketeln  number  Mk>  the  experimental  determination 
of  Che  local  flame  burning  velocity  U  has  to 
employ  the  same  definition  ns  In  flf . 

In  / l /  and  In  the  analysis  leading  to  (A)  -  (7)  the 
local  flame  hunting  velocity  u  la  the  value  of  the 
normal  component  of  the  velocity  prevailing  in  the 
unburned  (cold)  mixture,  extrapolated  -  along  tho 
normal  to  the  flame  -  to  the  Inner  reaction  rone 
(cf.  Fig.  I  and  2). 


Laser  Doppler  Veiccimetry  (L.D.V.)  and  laser 
tomography  /S/  are  used  to  measure  the  local 
velocity  of  the  fluid  and  to  visualize  the  chape  of 
the  flao.4  front  respectively.  For  that  purpose  the 
gaseous  reactive  mixture  1h  seeded  with  snail  oil 
droplets  (typical  diameter  •»,  1/md  -  boiling  point 
•v  600  K). 

A  3-axa,  computer-controlled »  motorized  translator 
la  used  to  displace  the  burner.  This  computer  Is 
also  used  to  rmt-  its  sad  store  in  real  tic*,  the 
mean  flcv  velocity,  Itu  standard  mean  deviation, 
the  digitized  coordinate  of  the  measurement  point, 
as  well  as  a  digitized  video  picture  of  the  flame. 

TII.2  -  Experimental  methodology 

To  simplify  the  experimental  procedure  all  the 
measurements  have  been  so  far  performed  along  the 
axis  of  syrotetry  ;  a»  a  conoaquence,  the  influence 
of  the  stretch  effects  on  the  flame  burning 
velocity  has  been  evidenced  at  the  tip  of  the 
flame. 

when  specialized  to  the  axis  of  symmetry  equation 
(I)  reeds  as  : 


+  Mk.e 


(!) 


where  the  non-dimensional  flame  burning  velocity  U 
and  non-dimensional  total  flame  stretch  e  are  given 
by  : 
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The  Marketeln  number  Mk  le  defined  as  In  the 
previous  section  (  Mk  •  L/ ) .  2/R  la  the  mean 

flame  curvature  at  Its  tip  end  du  / dz  Is  the 

gradient  along  the  r  axle  (axis  of  symmetry)  of  thu 
z  component  of  the  fresh  mixture  velocity 

extrapolated  to  the  flame  front.  These  two 
quantities  can  be  easily  obtained  for  different 
flames  end  flows  configurations  (l.e.  for  different 
flame  stretches)  using  the  digitized  video 


Fig.  2  -  React i pm  zone  location. 


From  the  asymptotic  point  of  view  adopted  in  paper 
/If  or  as  It  Is  a  priori  assumed  In  the  theoretical 
part  of  the  prasaut  paper,  thle  reaction  zone 
appears  to  be  a  discontinuity  (when  compared  to  all 
the  other  length  gceles  jf  the  problem)  where 
upstream,  chemist ry-fvee  outer  temperature  profile 
reaches  the  combustion  temperature.  Us  have  adopted 
this  definition  of  the  reaction  zone  tc  determine 
the  flam*  burning  velocity  (cf.  Fig.  2). 

Since  en  attempt  to  measure  the  temperature  profile 
by  using  thermal  pr«b*p  hffs  exhibited  tco  Icrgo 
perturbations  cf  the  flame  position  *..d  shape,  we 
currently  ui  i  an  indirect  procedure  to  obtain  the 
reactive  zone  position. 

I)  a  temperature  field  le  computed  via  a  numerical 
integration  of  the  chemistry-free  balance  equations 
under  the  conetant  pressure  approximation  ;  w#  used 
ae  boundary  conditions  the  controlled  injection 
temperature  and  the  requirement  that  the  calculated 
velocity  field  agrees  with  the  one  measured  in  the 
cold  region  of  the  unburned  gaa  flow  and  at  the 
beginnin  of  the  preheat  zone  (l.c,  for  T  <  600  K) , 

II)  thi.i  the  position  of  the  reaction  zone  le 
obtained  as  the  abscissa  where  chs  computed 
temperature  reaches  the  constant  pressure  adiabatic 
combustion  temperature. 
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Notice  that,  elncs  thin  integration  is  dona  along 
tha  axis  of  eymaatiy  and  a  first  ordar 
approximation  for  email  curvature  and  small 
velocity  gradian'  af facts  is  used,  a  computation  of 
tha  temperature  field  require*  to  aolva  maaa  and 
energy  balance  aquations  only.  Following  tha 
eforementioncad  definition  of  u  ,  tha  *  component 
cf  tha  fraeh  ilxture  velocity  ctfteide  of  tha  flame 
io  extrapolated  to  tha  reaction  zona  abscissa.  This 
gives  tha  value  of  tha  flame  burning  velocity  u  at 
tha  tip  of  tha  jfltua.  T1 

These  indiract  determinations  of  tha  reaction  zona 
location  and  of  tha  local  flats#  burning  velocity  u 
hava  baan  chsckad  in  n os#  experiment*  by  using  a 
diract  experimental  procedura.  For  that  purpose 
experiments  war*  psrf oread  with  reactive  gaseous 
mixtures  seeded  with  submit! oni -  refractory  solid 
particlea ,  In  that  way  velocity  profilee  arc 
obtained  in  ths  hot  part  o£  the  flame. 

Thua,  and  sa  shown  in  Fig.  2,  a  way  to  determine 
tha  reaction  zona  location  Is  to  axtrapolats  the 
experimental  valocity  proflls  from  Ita  inflection 
point  located  In  the  acceleration  region,  Co  a 
value  equal  to  the  maximum  valua  massurad  in  the 
hot  part  of  the  flame. 

A  comparison  between  this  direct  estimate  of  the 
reaction  zone  position  and  ths  one  resulting  from 
the  aforementionned  Indirect  procedure  is  given  in 
Fig.  2.  It  should  ba  noticad  that  ths  complete 
agreement  between  the  rasults  of  these  two  methods 
evidenced  by  Fig.  2  la  partially  due  to  the  ccale 
of  this  figure.  But,  St  any  rate,  these  two 
procedures  do  not  Introduce  a  significant 
difference  In  the  determination  of  the  flame 
burning  velocity  u  .  The  resulting  discrepancy  In 
the  values  obtained  for  the  flams  burning  valocity 
never  exceeds  5%. 

III. 4  -  Regults 

Up  to  now  three  reactive  mixtures  heve  been  used, 
i.e.  : 

C  H  +  6.25  0_  +  x  N.  (equivalence  ratio  r-U.8^17) 
with  : 

x  -32.8  (mixture  1;  dilution  ratio:  d.-0.160) 
Xj-34.3  (mixture  2;  dilution  ratio:  d.“U.i54) 
x^*36,0  (mixture  3;  dilution  ratio:  d^-0.148) 

tor  each  mixture  different  seta  ot  experiments  have 
been  performed.  For  each  of  these  sets  of 
experiments  the  reduced  flame  burning  velocity  U  - 
u  /u  ,  has  bssn  plotted  as  a  function  of  the  total 
n8n-c .  mensional  flame  stretch  e.  For  one  set  of 
experiments  a  value  of  the  reference  flame  speed 
u  ,  was  obtained  as  the  one  for  which  the 
IfiAst-squsra  linear  fit  of  U  -  f(e)  was  equal  to  1 
fov  t  m  0.  Together  with  th5  value  of  u  .  a  value 
of  the  Marketeln  number  was  obtained  as  tha  elope 
of  th*  least  square  linear  fit.  In  this  way  a  mean 
value  of  the  reference  flsr-e  speed  u  ,  wee  computed 
from  ell  tha  seta  of  experiments  Involving  the  seme 
mixture,  together  with  a  typical  dispsrslon  around 
this  mean  value. 

Bv  this  means  the  following  results  are  obtained  : 

mixture  (I)  u.-P  t  51 

(?)  ...  -  Q.  7  1  ST  ('«/=) 

mixture  (3)  u"^  -  12  f  51 

As  for  the  Markstein  number,  the  different  values 
ve  found  from  all  the  sets  of  experiments  do  not 
Indicate  a  systematic  variation  due  to  the  mixture 
composition,  but  Instead  seam  only  to  ba 
represent at ive  of  a  random  disperaion  around  a  mean 
value. 

This  mean  value  vae  determined  by  plotting  all  tha 
eats  of  experimental  result#  U  -  f(0  on  the  name 
figure  ;  to  thle  and  we  usa’Si  the  value  of  tha 
reference  burning  velocity  u  ,  wa  previously 
obtained  es  e  scaling  factor  for  "the  flame  speed  U 
and  flame  stretch  *  corresponding  to  tha  sane  esc 
of  experiment.  Such  a  plot  of  all  tha  experimental 


renults  is  presented  In  Fig.  3.  Tha  elope  of  the 
lnaat~squ«re  linear'  fit  of  U  •  f(e)  gives  a  mean 
valua  of  tha  Markstelii  number  corresponding  to  the 
three  mixtures  we  used,  i.e. 

Kk  •  8  i  1.5 

The  diapers  Ion  wo  indicate  for  the  Harks tain  number 
is  the  result  of  a  comparison  between  the  mean 
value  and  those  deduced  from  the  different  sets  of 
experiments. 


Fig.  3  -  Rtcucsn  tlahe  burning  velocity 
VfcRSU<>  TOTAL  stretch. 


Less  i  o  .  more  <  •  ) 

Than  ?5  7  OF  CURVATURE  EFFECTS 
IN  THE  TOTAL  FLAHE  STRETCH , 

To  conclude  this  section  it  should  be  noticed  that: 

-  in  accordance  with  Fq#(l)  and  (9) ,  the  flame 
burning  velocity  dependence  on  geometrical  effects 
(i.e.  flame  curvatures),  and  hydrodynsmical  effecto 
(i.e.  normal  gradients  of  the  fresh  mixture 
velocity  fields)  involves  ths  same  proportionality 
coefficient,  i.e.  a  single  Markstein  numb-r 

-  down  to  a  decrease  of  507  in  the  flo*  burning 
velocity  a  linear  dependence  of  this  valocity  on 
flame  stretches  la  observed  (Fig.  3). 

IV  -  COMPARISON  THEORY /EXPERIMENTS 

Over  the  range  c*t  dilution  ratios  used  in  th# 
experiments,  the  adiabatic  flame  temperature  only 
varies  by  about  1U0  K  and  tha  resulting  variations 
In  y  “  (T  ,-T  )/T  .  are  too  s^iall  to  causa 
significant  vari^riofia  (  s  0.2)  in  the  theoretical 
estimate  (4)  -  (7)  of  the  Markatain  number  Mk  ; 
accordingly,  the  central  value  -  1690  K 

(mixture  2  )  has  bean  selected  when  drawing  the 
comparison . 

Aa  for  tha  Lewis  number  L#  end  th*.  thermal 
diffusion  factor  a,  we  used  the  valueo  Le  •  1.64 
and  s  -  +0.48  recommended  by  Csrcie^Vbarra  et  el. 
/6/,  which  correspond  to  the  Fickian  and  thermal 
dlffuelons  of  propane  into  nitrogen  thn 

uncertainty  on  these  fi,  ires  is  at  least  51, 

especially  on  e.  The  spei  Ific  heat  C  baa  been 

taken  as  constant,  and  the  variations  Si  tha  heat 
conductivity  x,  assumed  to  be  that  ot  air,  with 
ramnarnttira  MVtn  Into  iCCCUZt  by  •  second 

oruer  polynomial  fit  of  the  values  quoted  in  /9 /. 
Finally,  wa  used  the  valua  E  ■  37700  kcal/moLe 
given  in  /*>/  for  the  activation  energy  of  lean 
propane-air  mixture*  ;  inspection  of  tha 
literature,  however,  yialde  rather  scattered 

figures,  and  tha  uncertainty  on  E  has  baan 
estimated  to  be  about  t  5000  kcal/mole. 

Then,  Eqe  (4)  -  (7)  yield 

Kk  -  8.0  ±  101, 

the  quoted  uncertainty  on  Mk  resulting  from  tb  *ar 
on  E,  Le,  a  and  the  variation  it*  y.  The  agreem  nt 
with  the  experimental  figure  io  surprisingly  i  <  nd 
unexpectedly,  good. 
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The  following  further  remarks  may  be  put  forward. 
The  difference  between  6  ^  (Eq.(?))  and  the  usual 
Zel’dovich  number  6  i  r  of  the  same  order  of 
magnitude  86  the  uncertainty  to  which  B  la  known 
from  tha  veluea  of  E  available  in  tha  literature  : 
with  tha  presently  adopted  lav  for  1(T),  8  -  M 
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Is  indeed  significant  and  car  be  measured. 
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DISCUSSION 


S.CandcI,  Ik 

(1)  Did  you  have  any  problems  in  measuring  the  velocity  in  the  reactive  zone  with  laser  Doppler  vcocimctry?  More 
specifically  how  did  you  deal  with  the  large  beam  defied  ions  caused  by  the  large  temperature  gradients  existing  in  that 
region? 

(2)  How  did  you  choose  the  value  Lc  *  1.64  for  your  propane/02/N:  mixture?  I  find  this  value  somewhat  low. 

(3)  Did  you  measure  the  gas  temperature  in  the  hot  products?  Is  this  temperature  equal  or  different  from  the  adiabatic 
flame  temperature? 

Do  you  have  an  estimate  of  the  heat  losses  from  the  flame  zone  (in  particular  the  heat  flux  into  the  stagnation  plate)? 

Author's  Reply 

( 1 )  The  indirect  procedure  (cf  §  III. 3)  chosen  to  locate  the  reaction  zone  and  to  obtain  u„  requires  to  measure  the  flame 
curvature  {1/R),the  upstream  velocity  gradient,  the  room  temperature  and  the  minimum  value  of  u,  along  the  axis  of 
symmetry  (but  no:  the  exact  location  of  that  minimum).  These  needed  quantities  arc  not  affected  hy  beam  deflection. 
Then  an  outer,  upstream  velocity  profile  is  computed  along  with  llie  corresponding  chemistry-free  temperature 
profile.  This  computed  u,  profile  is  found  to  agree  with  the  experimental  .me  for  T  <60(1  K;  beyond,  a  slight 
discrepancy  is  observed,  but  we  cannot  decide  whether  it  is  due  to  beam  deflection  or  to  the  fact  that  chemistry  comes 
into  play.  At  any  rate,  the  determinations  of  the  reaction  zone  location,  then  of  u„,  are  not  affected. 

(2)  The  value  Lc  =*  1.64  is  that  recommended  in  /6/,  but  ir.  the  theoretical  evaluation  of  Mk,  l.e  has  been  assigned  an 
uncertainty  of  5%.  We  further  note  that  Mk  **  J  +  a.(  I  -  1/I.e)  +  b.s.  where  J,  a  and  b  are  almost  Lcwis-Numher- 
independent;  increasing  Le  beyond  1 .04  would  not  change  the  theoretical  estimate  of  MK  significantly. 

(3)  Yes,  the  burned  gas  temperature  has  been  measured,  with  a  thermocouple.  Within  the  experimental  uncertainty,  the 

measured  value  does  not  differ  from  that  (Th)  predicted  by  the  theory.  Since  l.e  >  I  and  s>(>.  Tb,  is  lower  than  the 
uJiabdtie  tlainc  Icmpci  muic  even  without  any  loss  to  the  downstream  wall;  the  stretch-induced  change  in  reaction 

temperature.  YTHllcllh, is  about  f(T,j  -  TJ.For  flatflames  an  o»'erestintateor  the  change  in  reaction  temperature.  bT^. 
due  to  conduction  to  the  stagnation  plate  can  be  obtained  by  approximating  pu,  by  a  linear  law  between  the  front  and 
the  wall.  This  gives: 

-vm  a  2(7-'- 

>/2jil)/7b  erf  (Vl>/2/h) 

where  vh  “  ^/p0u„Cp.  ^  <  MX.)  King  an  average  value  of  the  heat  conductivity  in  the  downstream  region;  1>  is  the 
flame  distance  to  the  wall.  H>i  the  most  stretched  flame  in  l  ig.3,  r  s  -5  10  ,D  s  lem;  with 
fc.  <  MX.)  one  obtains  -M t,,lvh  »  5  10  :lX..i  -  TJand  -hTu%ll  <  2.10  *  (T.-.i  -  Tu).  The  last  figure  shows  that 
conduction  to  the  wall  is  negligible  for  -i  <  5  10  -i.e.  for  all  the  data  used  in  Fig.3.siuce  I)  increases  with  decreasing 
stretch.  However,  -61'^,,  increases  very  rapidly  with  decreasing  D’s,  hence  w'ith  increasing  stretches,  thereby 
possibly  being  responsible  tor  the  extinction  found  at  t  -  -  o.5  10  :  mm  shown  in  Fig. 3  y  this  point  is  the  subject  of 
current  studies. 


modelisation  et  etude  esperimzntale  d’un  ecoulehfnt  REACTIF  CONFINE 
AVEC  INJECTION  PARI STALE 


P.  Bruel,  K.  Cliaaplon,  H.  Boutoulli,  J.C.  Bailee 
Laboratolre  d'Energltiqua  ot  da  Dltoniqua,  U.A.  193  au  C.N.R.S. 
E.N.S.M.A.,  rue  Guillaume  VII,  86034  Poitiers  Cadax  (FRANCE) 


F_  SUKE 

La  combuation  turbulent#  d'un  pr£»41ange  injtct4  dans  uu  canal  2-D  ast  4tudl4e  but  laa  plana 
mnnlrlqua  at  experimental.  Dana  la  caa  daa  forta  taux  da  aoufflaga  un  moduli  da  combuation  turbuleptc  avac 
f armature  du  second  ordre  pour  les  transports  dc  masaa  at  d'4n«rgle  a  4t4  d4vslopp£  n  tansnt  coopt#  da 
r4aultats  ant4ri*ura  obtanus  dana  la  cas  d'Ccouletasnte  r^actlfa  da  cleelllainent  da  structure  plus  simple. 
Le  code  da  calcul  corrcapondant  a  4td  t*st4  par  cooiparaleon  d’une  part  avac  la  solution  exacts  dana  la  cat 
d'un  4coulem*nt  da  Ccuatte,  at  d' autre  part  avac  las  r^sultacu  «rp£rlm*ntaux  obtanus  aur  la  champ  da# 
vltaaaaa  dana  la  canal  2-D. 


temperature  sdlebatlqua  da  cooLuatlon  du  pr4id41*uge 
tawp4ratura  du  pr4m4 lunge  tnjuctfc 
T_  temperature  dee  oaz  hrnlfa  d*  1  'ecoulerzert  principal 

compoaante  longitudinal**  d«  la  vitesse  d  l’exc6rleur  dc  la  couche  Unit*  ou  aur  la  plan  axial 
horizontal  du  canal  2-D 

vltaaaa  da  la  parol  dans  la  cm  do  1' 4coulireent  da  Couette 
u"  fluctuation  da  la  compoeante  longitudinal*  dc  la  vlteneo 

v  vltesse  d' injection  du  pr4m61ange 

r 

v"  fluctuation  dc  la  coupoeente  transversal©  de  la  vlcaaaa 

w  taux  da  production  cMmtqua 

ox  direction  longitudinal* 

©y  direction  transversal* 

6  4pel«et>ur  da  la  couche  Hmlra  mrhu !«!»♦-• 

Ipateaeur  da  la  aoua-coucha  vlaquauae 

p  coefficient  de  vlacualtf  dynnmique 

T  richesea  du  pr4m41enga 

o  juna#  volumique  da  r4f4renca 

o 

me;  as  voluwlqua  eorreopondant  d  I'fcouleaani  prlncit»*l 

p  me  a  a*  volumlqua  du  pr£is41*uge  iujectfe 

P  ^ 

axpraaaijn  du  frottament  k  la  pnrol  p  parol 


1.  IKTrODCaiON 

Dana  la  rove  primdirv  dea  foyers  de  turhox^actaurr,  la  covbustlon  e*t  at«MlIe4e  par  recirculation  da 
gar  bHllie  dana  laa  gar  frala,  Lea  ph4aom4n«B  llluantelxea  qul  eoutrnleat  ca  proceaaua  dipaudvut  dai 
valaura  ralctlvaa  du  temp#  caractenstlquc  d-s  reactions  ihlmlques  d'un#  part  at  du  tempi  da  «4'ian?a  entta 
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gat  frala  at  gaz  brfil6*  d’ autre  part. Dane  la  caa  oil  laa  reaction*  chlmlquas  iont  trie  rapldas  (grand 
noabra  ua  DaaVholer)  la  procaaaua  cat  cootr31£  par  la  dynaalqu*  d*  1' 4 cou lament  (melange  turbulent)  at  aa# 
Interaction#  avac  daa  front*  da  tisane  elccae  localises*  dan*  lea  Ititarfacaa  autre  gar  frala  at  gar  bruise 
(produlta  da  combuatlcn) .  C#  caa  Unite  da  la  combustion  turbulent#  ait  4tudl£  au  Lab ora toil# 
d'Enargttlqua  at  de  Ddtoniqua  dans  una  experience  de  combustion  dam  una  conduit#  bidluJneionnalla  avec 
injection  parldtala  da  gar  frala  dam  an  icoulemeot  principal  da  gar  bruldi.  Un  certain  twmbra  d'4tuds» 
experimental#  at  num£rlque  ont  d4lS  4t4  conescrtea  au  ddvalopptment  da  la  couch#  Unite  avac  Injection  du 
m4lenga  r4ectif  / 1  /  f2l  dana  daa  caa  oil  la  tsux  d' injection  eat  relatlvement  patlt. 

Catta  c  Jiminlcatlon  prfiesnta  1«b  premiers  r4sultats  obtanue  dana  la  cao  gfntral  d'una  Injection 
quelconque  oil  ni  1* aspect  confln6  da  l*4coule«aot  nl  d* dventuellss  recirculation#  ue  pauvent  etre 
p4glig4§.  baa  travaux  pr4sent.4a  dana  catta  pr4ssnte  publication  sent  dicrlta  an  diatlnguant  troia  partlea: 

~  l'itabllaaeBant  d’un  nodi la  du  second  ordre  applicable  4  un  4coule««nt  alliptique, 

-  la  alas  au  point  du  coda  da  calcul  correspondent, 

-  l’obtantion  d’una  base  da  dorm4as  expdrtaentales  dana  le  cas  d’un  4coulanaant  dans  un  canal 
b 1 dlvens lonna 1  avac  lnj action  parietal#  da  pr4e4lange  hydrocerbens-eir . 

2.  DESCRIPTION  DU  HQDO.F.  Dll  SECOND  ORPRE 

Dana  un  premier  temps  nous  avons  traltl  le  cas  das  4coulsnants  r4*ctlfs  lsanthalpiquas ,  oil  la 
combustion  ast  carect4rls4a  par  una  varlabla  d’avencement  c  (temperature  r4duif.e  ou  fraction  massiqua  daa 
gar  brul4a)  variant  dt  0  i  1,  L' ensemble  daa  dquatlona  moyannea  qui  repreasntant  l'lcaulcmant  rdactif 
turbulent  eat  alore  : 


ou  V(u,v)  eat  la  champ  moyan  de  vitasea  (an  woyenne  d«  Favre)  et  p  1«  champ  da  presalon.  L  dquation  d'6tat 
aat  alors  ; 

PP  /(1+T  c)  -  P  P/(l+T)  (4) 

o  o 


ou  l'lndice  o  caract4rlce  les  gaz  brul4s  et  '<  aat  le  facteur  d’axp^nslon  thermique  : 


(5) 


u  £tant  ralatlf  au  pr4m41ange  fralu. 

Sul  vent  le  moddla  BML  /  3/  le  taur.  de  pioduction  chimiqua  moyen  *«t  : 


u  - 


(6) 


ou  T  ast  un  temps  csract4rlstlque  de  la  turbulence.  _ _ _ 

Fn  ce  qui  concerns  la  fermeturc  des  taraas  de  flux  turbulent#  de  masse  «t  d'4nsrgie  p  u"c"  at  p  v"c" 
et  dwe  compos antes  du  tanaaur  de  Reynolds  P  u'^ ,  P  v'  ,  P  u'V ,  l*e  remerquas  pr4lJminairaa  ouivantes 
dolvant  at re  faltes  r 

-  La  module  bKL  appliques  eux  flamti  planes  /4/5/»  c'est-S-dir#  la  resolution  du  systems  (l)-(3)  dans  le 
can  d’un  £coul ament  monodlaanelonnsl,  an  tenant  compta  d'une  fonctlon  density  de  probability  P(c,ul.;  x) 
bltnodale  an  c,  a  »ontr£  l'exlrtenca  da  diffusion  4  contra  gradient  et  d'une  production  d*4nargle  clnfetlqu* 
(p  u”2,  P  v”3)  h  travers  la  flame,  qui  na  pouv slant  etre  pria  an  coapte  qu’an  r6«»olvant  lea  Equations  d# 
bllan  pour  lea  flux  turbulents  et  las  corapoasntss  du  tenssur  de  Raynolds. 

L' extension  du  models  BML  au  cas  daa  4coulaaenta  de  clsalllemt>nc ,  noee-,nent  au  cas  de  la  couch#  limit# 
turbuleuta  rdacti'T«  avac  injection  du  pr4m£large  /6/9/  a  «rmtr4  que  les  flux  turbulanta  pouvalant  t»*4cercer 
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•mlbltnant  du  module  gradient  (tei  que  pv'V  <*  -  u  3c/3y  par  er-eeple  ou  p  eat  un  coefficient  de 
vlecoeitE  turbulent*).  *t  que  1*  ealcul  prEdit  I'axiete&ce  dp  diffusion  4  concie  gradient  ( Pv"Tn  >  0  dans 
1*  couch*  Unite)  dans  certeins  ce*  d ’ Ecoul ament  nonisenthalpique  191.  Par  ailleura  il  apparent  que,  la 
production  d«  turbulence  par  cleall lament  Et*nt  dominants  dans  un  tel  Ecoulsiuent ,  la  tension  d«  Reynolds  et 
la  contribution  Pu"2  de  I'Energie  cinEtique  turbulent*  eont  correcteuent  EvpluEee  par  una  f armature  da  type 
gradient. 

Tenant  cotrpte  de  cee  rEaultato  diffEranta  sur  1* Evaluation  daa  flux  turbulent*  d'una  part  at  aur  cells 
daa  coopoaantee  du  tenseur  de  Reynolds  d' autre  part,  nous  evona  Et4  conduit®  &  envlsager  la  f armature  dee 
Equations  vl)-(3)  d«  la  fncon  sulvante  : 

Lea  coapusantea  pu'^'j)  sent  tel  las  que  : 


-  2  -  ^  3uk  ul  U1 

’V'J  -  5  O'  k  +  mt  «tJ  -  Mt  (j—  +  ^ 

*■  J  * 


ca  qul  introdult  l'Energle  cinEtique  turbulent®  k, 


La  efilcul  dos  flux  se  fait  par  l'lntennEdlalra  dea  Equations  de  bllan  : 
(P  u  Sjp/5)  +  CPu^c")  -  - 


-  c  ^  *  ulv  -  0  cic 

l\j 

ou  e  eat  la  fonctlon  da  dlaalpatlon  vlsquaus®. 

La  oEtbode  de  feroeturo  cholale  pour  cea  Equations  dEcouie  de  l'appllcatlon  de  la  thEorie  BML. 
L' introduction  d'una  pdf  blr-iodale  conduit  tout  d'abord  4  : 


oO  eat  una  const ante 

-  (1  -  Jr)  0uj C"PU|^C" 

•t  P»”u^"  -  ~ST — * - 

1  1  P  c(l-c) 


Tax  aiUeuru 


est  expriwEe  par 


-  'U 

P  t.  -  V, 
ic  ic 


leu  equations  (9)~(12)  ont  EcE  utlllsEee  et  tcatEae  dana  la  cea  d'un  Ecoulement  rEactif  elliptiqua, 
simple  :  una  flam**  stablllsEe  au  volslnage  d'un  rolnt  da  stagnation  / 1 1  / . 

3.  HETHOPE  EE  CM.CUL 

La  miae  au  point  d'un  code  de  celcul  applicable  aux  EcoulamuritB  atatlonnalrae  alliptlquea  ou  2-D 
inetationnairee  parabollquaa  a  Et£  fait#  en  3  Etspcs  qul  peuvent  etre  d4crit.au  comma  11  Suit  *. 

-  miae  au  point  d*  la  mdthode  numErique  dana  le  caa  d'un  Ecoulemeot  incompressible  non  repetif  at 
validation  par  application  4  un  Ecoulcment  conru, 

-  4tud*  da  la  sou*  couche  vlaqueuae  at  dea  taux  dt  frotteraent  de  la  parol.  RE  anl  titter  du  yfOblEm*  p“r 

la  prlaa  an  ccnrpte  d'una  injection  parlEtale, 

-  miae  en  place  du  systEme  complet  d'Equatlons  tel  qu'il  eat  dEcrlt  au  paragraphe  prEcEdent,  at 
application  au  caa  dc  1  * Ecoulemant  dana  un  canal  2-D  avec  injection  du  prEnEleuge  frala. 

La  aEthode  implicit*:  aux  dlffErencea  finite  utlllaEe  eat  call#  ddveloppEa  lnitleleoant  par  BEAM  at 
WALKING  / 1 2/  at  paut  etra  briEvement  dEcrlt*  comma  il  ault  : 

Laa  Equations  y  aont  rEaoluca  sous  la  forma  conservative  sulvante  : 

3f  3F  9G  c 

?T  +  ^  +  37‘  s 


03) 
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oCL  S  represents  1' ensemble  da*  tame*  lovrci. 

C#e  Aquations  font  rfeoluea  par  factorisation  d'opftateorq  astoclts  A  un*  linearisation  das  c«ro«s 
conservative  da  la  forma  suivimts  > 


<•«) 


3H,  Co)  +  3(A<c). 


■  ))  +  o(At>) 


<1«) 


oil  ««t  Xu  ucrlr*  J*coblunu«  t«ll«  qua  : 


•C  la  discretisation  temporalis  s'fcrlt  : 


06) 


La  discretisation  spatial*  6t*nt  de  type  centrf,  lea  Equations  (13)  se  remAnsnt  i  un  system#  tridiegonal 
par  bloc*,  cheque  bloc  dtsnt  tine  metric*  carrle  dont  I'ordre  eat  la  potnbre  da  fonctions  incqmnj^a.^  ^ 
^  ^  En  c*  qul  concern#  la  problem#  trail*  dans  cat  artlcl^,  ^.*8  fop.cfi.pn8  Inconpuas  _eont  c ,  u,  v,  p,  c» 
k,  c  si  on  envisage  tme  f armature  da  type  gradient  at  o,  u,  vf  p,  c,  k,  pu"^,  pv^'c"  dans  la  caa  plus 
gfnfrel  dfcrit  ao  paragraph*  prfcAdant.  ^ 

^  I.^a  condition  a  Halts*  utlllafaa  au  volalnaga  das  parols  solldefl  eont  las  conditions  d'aJhfrance  5  c 
•  v  “  c  •  0  k  •  Pu"c"  ■  cv"c"  “  0.  Cqci  xiAcassite  la  pries  an  compta  da  la  eons  coucha  visqtieuee  par  la 
calcul.  Pour  cala  la  malllaga  est  transform*  par  la  changement  da  variable  aulvant  /IV  : 

%  •  x 
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.  .  xn[aLr_Mjhj  1  /.(g.- 1+  M 
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oil  h  esc  la  demi-hautaur  dp  canal. 


Cotta  trane format ion  conduit  A  une  accumulation  drs  points  pour  las  petitas  valaura  da  y  at  paraet 
done  da  tenlr  compta  d’una  aouq  couch#  vlqququqa  trda  fin#  par  1' lntena*dlaira  d'un  nombre  d*  points  da 
calcul  qui  peut  verier  ertre  5  at  10  (cf.  figure  2). 

En  plus  daa  conditions  da  parols  on  point  important  concern#  las  conditions  limites  A  utlllser 
lorsqu'll  y  a  injection  da  prfstflange.  Afin  d1 impose*  un  dfbit  d‘ injection  (c'est-a-dlrs  pour  fvltsr  tout 
phdnomdn*  da  refoulement)  lea  contraintes  suivantas  ont  4c*  cholslee  : 


u  -  0, 


■  pv 


4  ftp 


laa  Indices  lnf*rl«ur#  notant  las  points  da  msillaga,  at  eupdrieur  la  pas  da  temps.  A?  *st  icl  un 
inerdmant  da  prassinn  variant  avec  %  mats  non  avec  t. 

Uo  calcul  avec  injection  s#  dfroule  da  la  fscon  sulvante  : 


1)  A  t  -  0  lea  profile  da  vltaaaa  dena  la  canal  sont  tels  qua  : 


u(y)  »  min(u+  -  y+ 1  u+  »  r  In  y+  +  3.25,  -  (y/h)*^) 

axe 


oO 


u__ 

“t 


*  1/2 

“t  - 
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~J  y-0 


oA  k  aac  la  constant#  da  von  KARMAN  /I 4/ 

ii)  i  t  ■  t.  .  >  O  lory  qua  l'Acoulemanr  turbulent  eat  ftabll  dans  lr.  canal,  o  a  r.oameuca  i  injector. 

A  ca  moment  las  conditions  d'entrAe  dans  la  canal  (x»o)  sont  A  dibit  fix*. 

Avant  d'affactuar  un  calcul  coop let,  11  a  ft*  ndccuoalre  da  procfdur  1  d«3  Costa  do  validation  dv 
coda  da  calcul  so  Acoulevaot  Imtinalr*  puis  curb i lent.  Caa  teste  portent  principalam«nt  #ur  la  prfeision 
des  r* suiters  obtanua,  par  conparainon  avec  la  solution  exact# ,  dena  la  cee  d*uu  f ccmltBouf  cow.w,  at  In 
repidit*  d#  convergence  vara  catta  aolution  an  fooction  du  oaillage  et  du  paa  da  Put  aillaute,  an 
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c«  qui  concerns  las  Icauletseuta  tufbulante  dan  tests  ort  4 tl  effectors  but  1st,  comportemants  daa  grandeurs 
at  on  particular  du  ch*«p  dw  vita*#*  4  1*  paroi. 

Nous  docnona  lcl  las  r4#ult*ts  da  cna  Etudes  prA limlnelrss  do  validation  : 

1  -  Application  d«  Is  method#  au  calcul  d'un  dcoulemant  da  Coustte. 

On  consj.dlre  I'lcouleoent  d’un  fluid#  4  tenrplratur*  constants  dans  un  canal  2-D.  A  t  »•  0,  la  fluid# 
aat  immobile  at  la  parol  aupArleure  du  canal  ax  oat  ar.  nouva^ant  (  vltasaa  u  ) .  La  paa  da  tamps  At  cholflt 
pour  fairs  ca  calcul  aat  un  nwltipla  du  paa  dltenninA  6  l’atda  du  crltlr*  CFL^/lb/  : 


(At),. 


H  +  J-l*.  I r 
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qut  aat  an  glnlrel  llmitA  par  l'scouatlque. 

En  touts  riguaur  1' Evolution  Inatatlonnalre  exact#  ns  pnurra  atra  rcprAaantee  qu'an  prenant  un  pas  da 
tamp*  Agal  au  maximum  a  (fit)™  .  Cast  1#  calcul  represent*  aur  la  flgurs  3a  ou  une  comparalaon  av*c  la 
solution  axacta  <lu  problem#  aat  Atsbli*. 

Dana  las  3  figures  solvsntea  (fig.  3b,  c,  d)  I'ltat  atatlonnalre  u/u  *  1  -  v/h  aat  ohtanu  avac 
difference  paa  ds  temps,  Juaqu’A  At  *  !>0  (Ac)^^.  .  L*4volution  instatlonnafre  aat  de  plus  «n  plus  mal 
repr£sant$e  mala  #r  revanche  l'Atar  atatlonneira  ‘•at  obtanu  pour  un  noobrs  da  pas  da  tamps  (NpT.At)  da 
plus  an  plus  pit  it.  L«s  figures  4.  a  at  4.b  montrant  l'erraur  relative  fait#  Bur  la  calcul  du  champ  da 
vttaeee  an  fonctlon  du  mailing*. 

2  -  Calcul  d*un  Acoulecant  turbulent  dans  un  canal  2-1). 

On  consider*  nsloteiiant  l'Acoulcmant  turbulent  Itabll  dane  un  canal  2-D  da  hauteur  2  h.  Li  no mb re  de 
Kaynoldy  R*2h  aat  calculi  peur  una  vIbcohIj^I  v  dependant  da  la  temperature  du  fluid*. 

I. •  comperalaon  des  champs  da  vltesse  u  calculi  at  mssurl  eat  effectule  aur  la  figure  5. 

En  qul  concern*  la  aous-couche  vlaqueuse  una  Itude  fine  e  Atl  f^alte  1 'Evolution  du  profll  de 
vlteuee  u  »  f(y  )  at  du  coefficient  de  frottawent  C.-Ota^)  ®v#c  u  at  y  d£ finis  prlcldemmwnt,  la 
coefficient  da  frottement  Itant  dlflni  par  / 1 7/  : 


l.ee  rlaultata  aont  llluetrAs  par  lea  figures  6. a  et  6.b  qul  correspondent  A  <J«a  calculi#  falte  *v«c 
una  dlraine  da  points  dans  la  aoue  couch*  vlsqueus*  (utlllsant  la  transformation  (17)).  L* Evolution  de 
I'lpaiesaur  de  la  sous-couch#  vlaquaus*  en  fonctlon  du  nombre  de  Reynolds  Re^  eat  uecrite  par  la  figure 
6. a  at  cells  du  coefficient  du  frottement  par  la  figure  6.b.  n 

4.  RESULTATS  EXPERIMENT  AU7 

Lee  meeurea  -nt  ltd  effectives  A  I'atde  d'un  montage  experimental  uchlmetlsl  sur  la  figure  7  -r  ni_»i 
CuuipuiL?  en  eeiia  : 

.  un  glnlrateur  de  gat  chauds,  conetituA  par  une  chrmbre  de  combustion  dout  las  prodults  sont 
ml) angle  A  de  l’alr  fraln  pour  an  abalsser  la  tempAratura  T^. 

.  una  veins  d* e> plrlmentatlon  de  longueur  40  cm. 

.  on  canal  d' Evacuation  d«?a  gar. 

La  parol  lnUrleuts  d«  la  v«lne  d' experience  esc  constitute  d'una  plaque  po reuse  «  travera  laquclla 
aat  lnjectl  la  mAlange  frals  propai»#-air  at  las  autres  parol*  sent  garni as  de  roatlrleuK  rlfractslraa.  Dana 
ccs  conditions  une  rone  d«  combustion  turbulent  a  ast  stsbillale  h  un#  distance  de  2  4  3  cm  au-desaus  da  la 
pai'ol,  pour  un  nombra  de  Reynold#  da  l'Acoulement  principal  auf flsemnent  llavl. 

I.es  matures  du  champ  d*  vltasc*  souc  faltea  per  l'intermldlsire  d’una  chains  A.D.L.  an  enaamenesnt 
l'lcnulamnt  principal  et  l'lcoulamant  (Injectl)  de  gar  frels  avec  dea  partlculaa  d«  TIOj  /IZl.  Daux 
conflgurrtions  non  rlac.ttv#  pula  rlactive  ont  4l6  choleiee.  chacune  pour  deux  taux  d’ Injection  dlffArenta: 
4  *t  71.  Lea  profile  d*  vltaaae  longltudinele  dans  le  cap  d'una  Injection  d'ajr  froid  aont  dotmls  aur  la 
figure  8.«.  Pour  F  -  It  la  profll  appsralt  comm#  totalement  dlcoJ14.  Lea  fluctuations  quadrstlquaa 
coyennas  n^rvaapondantes  aont  cellas  donn4es  sur  la  figure  8.h.  Une  comparalfon  montre  qua  caa 
DucVusclonn  d*  vltasaa  aont  pau  modlflAas  par  1* Injection,  du  molna  dpna  It  cas  anviasgl  lcl  de  forts 
tiijv  da  aouf flags. 

L*  ciu  tloctlf  eat  lllustrl  par  lea  figures  9. a  et  9.h,  La  figure  9. a  montra  qua  le  dAcollemant  du 
vroll.l  da  vltdtej  ■■  Fait  da  facon  witni  1  re  ce*  ssns  ccrbustlcr.,  nsis  *7.  rSv«ut‘>«  I'ecceleration  dea 
gn».  dm  au  dip.ugrmsnt  de  chsleur  set  clsirswent  mlac  an  Ivldanr.a,  principal  ament  dona  le  cna  ou  F  -  71. 
Curosu'  la  tnontte  la  figure  9.b  pour  daa  tsux  de  6oufflaga  auplrleura  4  4X,  l'effet  d*  lTlnjectlcn  aur  lea 
f Juc'.vmtlone  d.v  vitasaa  dans  Is  canal  oat  prstiquement  nigllgaahla. 
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5-  CONCLUSION 

Pmrtant  das  r4*ultata  obtanut  dans  la  eaa  d’tcoulamatita  da  clealllaaint  almplaa,  un  moduli  da 
cunbuatlon  turbulanta  t'appuyanc  avir  una  f armature  du  aaccud  ordca  pour  laa  tranaporta  turbulent*  da  maiaa 
at  d'£p*r&l«  a  d4valopp£  dan*  le  cat  d'dcoulamanta  da  typa  alllptlqua.  La  validation  da  ca  mod$l*  a 
£t.4  affactu£  jutqu'A  iwlntanant  our  daux  typaa  da  taata  :  la  eomparalson  d'uuo  part  avac  1’  £ taoxitaamant 
d'un  tcoulamant  da  Couatta  at  d'autra  part  avac  un  Icoulamant  turbulant  danr  un  canal  2-D.  La  calcul 
cc«plat  dim  ca  canal  avac  lnjactico  d'un  pr£m61anga  ast  an  coura. 
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Fig,  1  -  Configuration  bidiraens i  Lionel le  <5tudi6e. 


Fig.  3o  -  Calcul  d'un  ecoelemenc  de  Couettc 
(XFL  -  1) 


Fig.  3b  “  Calcul  d'un  t5cou  lenient  de  Couette 
CDCFL  -  10) 


Fig.  3c  -  Calcul  d'un  ecoul ement  de  Couette 
(DCFL  -  30) 


Fig.  3d  -  Calcul  d'un  £eouler*ient  de  Couette 
(DCFL  ■  50) 
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Fig.  4a  ~  C-alcul  d'un  ecouleiucnt  de  Couette  : 

Influence  sur  l'crreur  relative  par 
rapport  A  la  solution  exacte  du 
nombre  dc  noeuds  dans  la  direction 
ox. 


Fig.  4b  -  Calcul  d'un  £coulraitf»nt  de  Couette  : 

Influence  sur  l'crreur  relative  par 
rapport  d  Is  solution  exacte  du 
nombre  dc  noeuds  dans  la  direction 
oy. 


•  points  expcrincntaux 
—  courbe  numdrique 

Fig.  5  -  Calcul  d'un  drouleir.ent  turbulent 

dans  un  canal  2D  ;  Profil  de  vitcsse 
moycnnc, comparai son  avec  1 'experience . 


Fig.  6a  -  Calcul  d'un  dcuuleroent  turbulent 
dans  uu  canal  2D  :  Influence  du 
nombre  de  Reynolds  de  1 ' dcouiement 
sur  l'epaisseur  do  la  sous-couche 
visqueuse. 


Fig.  6b  -  Calcul  d'un  ecoulenenl  turbulent 
dans  un  canal  2D  :  Influence  du 
nombre  de  Reynolds  de  1 ' dcou 1 eraent 
sur  le  coefficient  de  frottement. 
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Fig.  7  -  Dispositif  exp£rir*;ntal . 
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SUMMARY 

Existing  equilibrium  chemistry  and  laminar  flamelet 
computer  codes  are  inadequate  for  calculation  of 
"pest- flame"  carbon  monoxide  burn-up  in  gas  turbine 
combustion  chamber  dilution  zones,  The  amount  of  reaction 
occurring  in  such  zones  is  gmall,  but  significant  in  terms 
of  cn  emissions,  especially  under  low  power  conditions.  A 
method  has  been  developed,  baaed  on  a  "small  departure 
from  equilibrium"  concept,  which  shows  promise  in 
modelling  dilution  rone  carbon  monoxide  oxidation  rate. 

The  procedure,  when  incorpora  i_eq  into  the  Rolls-Royce  FACE 
program,  still  only  requires  spec  it ication  of  a 
one-dimensional  probability  function  and  entails  jus.:  one 
extra  conservation  equation.  Output  data  have  been 
compared  with  those  measured  experimentally  in  an 
idealized  dilution  zone- 

LIST  OF  SYMBOLS 

c  CO  mass  fraction 

ce  equilibrium  CO  mass  traction 

C  .  constant  in  dissipation  equation 

£9  fuel  traction 

f  favre  averaged  fluctuation  of  f 

k  turbulent  kinetic  energy 

r,.  rate  ot  formation  of  CO  mass  fraction 

t1-  t  ime 

u-  velocity  in  direction  i 

xT  coordinate  in  direction  i 

Alt)  tv  ’driving  function" 

CO  ctr.jon  monoxide 

CO  equilibrium  carbon  monoxide 

COEI  carbon  monoxide  emission  index 

D  departure  of  CO  mass  fraction  from  equilbtium 

P(£)  probunilily  density  function  for  fuel  tru-*  ion 

S  schnudt  number 

i  trrb'-.le'-  neigy  diseipation  rate 

p  dens  *.v 

u  lar.wna.  \  iscosity 

^eff  eiiec^ivf  diffusion  uvci  iicn’nt 

>.  scalar  dissipation 

-  time  averaged 

^  favre  averaged 

[il  molar  concentration  of  species  l 

INTRODUCTION 

Recent  ye  vs  have  seen  much  progress  in  tin’  mathematical  modelling  of  gas  turbine 
combustion  chambers.  These  models  generally  use  finite  difference  algorithms  for  the 
solution  of  mass,  momentum  ant1  enetgy  conservation  equations,  with  k-i  or  alternative 
turbulence  sub-models  (1).  Early  variants  of  such  programs  generally  invoked  the 
infinitely  fast  chemistry  assumpt ion ;  that  reaction  proceeds  i  nvuant.ancOusly  to 
thenr.ochemical  equilibrium  as  gases  mix.  Coupled  with  the  assumptions  of  equal  species 
and  thermal  dilfusivitics,  arid  negligible  heat  loss  to  the  surroundings,  the- 
)  ns t a n taneous  thermodynamic  state  can  then  Le  expressed  in  terms  of  a  single  conserved 
scalar.  Local  mean  valued  of  species  mass  fractions,  temperature  etc.  cun  then  be 
determined  for  turbulent  flow  ip  terms  of  this  scalar,  integrated  for  some  probability 

rir.i ;  o  i  t  y  {  nfj  f  j  .  ]*  r  rj  m  »*  m  r  r_,  *_  l_h  1  s  lypo  Such  £2  the  h'jl  1  S'-HC'CC  FACE  Code 

initially  developed  by  Jones  and  Priddin  (2),  nave  been  successfully  applied  to  (for 
example/  compute  combustor  turbine  entry  temperature  profiles  (3). 

The  "instantaneous  equilibrium"  concept  is  likely  Lo  prove  inadequate  for  gnu  turbine 
combustor  primary  zones,  where  reaction  is  incomplete  (4).  More  recur. v  developments 
uni  no  the  "laminar  flamelet"  approach  to  express  species  concen tra t i ons f  heat  release  and 
tem^acature  in  terms  of  ®  .Tangle  reaction  progress  variable  offer  a  more  realistic 
approach  Cj).  However,  t  is  unlikely  that  Gilher  equilibria  or  laminar  flamelet.  models 
could  accut ale J y  predict  burner  carbon  monoxide  {,*;  cone  eact  at  ions  with, A,  and  emissions 
from,  a  dilution  zone,  oxidation  of  CO  proceeds,  at  a  much  slower  rate  than  the  tractions 
associated  with  the  initial  bjetkduwn  of  the  hydrocarbon  fuel,  at  a  rate  comparable  with 
transport  processes.  clearly  t..c  equilibrium  model  is  nut  valid  in  these  c 1 rcuns lances ; 
CO  ^missions  are  well  abovt  equilibrium  levels  (l).  It  is  alr.o  unlikely  that  a  flamelet 
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mytlel  can  cope  with  a  chemical  reaction  rate  dominated  process  in  a  post  reaction  zone, 


already  burned  gases  try  to  approach 
oi  dilution  air. 


a  new  chemical  equilibrium  following  the  mixing 


Even  for  simple  hydrocarbons,  chemical  reaction  mechanisms  are  complex  and  uncertain; 
similarly  rate  constants  for  constituent  reactions  are  subject  to  wide  tolerances.  It  is 
not  considered  practical  to  incorporate  even  a  simplified  hydrocarbon  reaction  scheme  (7) 
into  a  three  dimensional  iterative  code,  such  as  the  PACE  computer  program,  in  order 
correctly  to  model  CO  oxidation  for  engineering  applications.  In  addition  to  the 
chemical  uncertainties,  density  would  need  calculation  at  every  node  jn  nach  iteration 
step;  also  the  reaction  rate  would  be  very  dependent  on  the  (unknown)  pdf  of  temperature. 
However,  the  output  of  combustion  products  from  a  modern  high  efficiency  gas  turbine 
combustor  primary  zone  is  characterized  by  low  unburned  hydrocarbon  levels  -  such  that 
the  principal  hydrocarbon  reaction  proceeding  in  the  dilution  zone  is  the 
oxidation/recombination/quenching  of  carbon  monoxide.  Under  these  conditions  CO 
oxidation  may  be  considered  xa  terms  of  a  single,  uncoupled,  reaction.  In  the  currently 
reported  work,  CO  oxidation  in  an  idealized  gas  turbine  combustor  dilution  zone  has  been 
modelled  using  a  variant  of  the  Rolls-Royce  PACE  computer  code.  This  version 
incorporates  a  "small  departure  from  equilibrium"  CO  oxidation  sub-model  -  along  the 
lines  suggested  by  the  work  of  Bilger  (8). 


The  computations  have  been  carried  out  for  the  idealized  dilution  zone  shown  in  l-ig.  1. 
This  facility  comprises  a  175  mm  diameter  turbuiar  burner;  it  has  a  primary  zone  which 
burns  propane  and  an  extended  intermediate  zone  to  allow  essentially  uniiorm  conditions 
to  be  attained  at  entry  to  a  dilution  zone.  The  dilution  zone  has  eight,  annulus  fed, 
25.4  mm  plain  dilution  tides.  The  facility,  together  with  its  associated  gas  analysis 
and  other  instrumentation,  have  been  described  more  fully  in  an  earlier  publication  (9). 
Computed  CO  concentrations  are  compared  with  those  obtained  using  the  standard  RACF- 
equilibrium  chemistry  sub-model,  and  with  some  preliminary  experimental  data. 


CABUOM  MONOXIDE  OXIDATION 


Westenberg  (10)  has  suggested  that  lean  premixed  hydrocarbon- a i r  combustion  may  be 
considered  to  occur  in  two  stages.  Initially,  free  atoms  and  radicals  are  generated; 
these  react  very  rapidly  with  the  fuel,  converting  the  carbon  content  to  CO,  In  this 
first  phase  of  burning  most  heat  release  occurs,  such  that  the  adiabatic  flame 
temperature  is  approached.  This  condition  is  particularly  likely  to  obtain  in  the  mtxing 
zone  of  the  current  test  chamber,  where  combustion  efficiency  exceeds  90%  at  entry  to 
the  dilution  zone.  Westenberg  also  suggested  that  fast  bimolecular  reactions  would 
result  in  radicals  such  as  OH  and  H  rapidly  approaching  their  equilibrium  concentrations 
at  the  adiabatic  flame  temperature.  It  was  suggested  that  the  somewhat  slower  oxidation 
of  CO  to  C02»  as  well  as  NO  formal-o.i,  could  be  considered  to  occur  in  a  second  stage  of 
combustion  -  of  effectively  constant  tempera  Lure  and  radical  concen tra t ions .  In  thi3 
later  phase  of  burning,  the  principal  CO  oxidation  reaction  is  given  by  (10): 
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where  k,  is  the  forward  rate  constant 
concentration  of  species  i. 

for  the 

reaction  and 

(i)  represents 

tliu  molar 

The  term  -  k,[OHj  is,  v.a  temperature  dependence,  a  SLtony  ! unci .on  of  equivalence  ratio 
(or  fuel  fraction).  for  lean  mixtures,  at  moderate  temperatures,  ICOj^c'  Hence 
the  CO  oxidation  rate  is  simply  a  i unction  of  the  departure  of  CO  from  it r,  Equilibrium 
concentration  and  the  fuel  fraction.  Equation  (2)  may  be  recast  in  terms  of  mass 
fractions  (11,12): 


fco  A ( f ) •  D  13) 

where  A(f)  represents  those  terms  which  are  functions  oi  1 ue)  fraction  (f;  and  p  is  tnc 
depat Lura  of  the  CO  mass  fraction  from  equilibrium,  i.u. 

D  -  c  -  cc  (4) 

where  c,  c^,  arc  the  CC  and  equilbeium  cO  mass  fraction--,,  respectively. 

TUlWdbENCU  MOOCH.  I NG  (II;  CO  OXIDATION 


Since  the  driving  potential  tot  the  CO  toactlon  is  so  dependent  on  equivalence 
ratio,  it  is  to  be  expected  that  in  a  tu'bjlcnt  reacting  flow  Lhe  temporal  variation  in 
fuel  fraction  will  have  a  significant  offoct  on  thi  moan  CO  oxidation  rate.  The  CO 
species  conservation  equation  is; 
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*-'rom  Eqs .  ar.J  *  5),  one  may  derive  a  conservation  equation  tot  the  departu* 
mass  fraction  from  its  equilibrium  level,  Dx 
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in  dilution  rones,  particularly  t  .at  mo. -ailed  in  the  present  v?i value*  cf  D  at'- 
determined  t the  mixing  conditions  in  the  primary  zone;  they  are  only  weakly  dependent 
cji  the  instantaneous  value  c*t  the  fuel  fraction.  Hence  A(f)  is  s  surged  to  be 
statistically  independent  oi  L .  The  last  term  in  Eq.  7  represents  a  source  term  due  to 
mixing  and  contains  the  scalar  dissipation  \; 
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n s  the  turbulent  fluctuation  in  the  fuel  fraction, 
i.e.  £  =  £  +  f " 


Now  %  aiiC  arc  assumed  to  be  statist ’cal  ly  independent  (?)  anc  X.  is  modelled 

according  to  Spalding  (13), 
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where  Cy2  *3  an  empirical  constant  which  also  appears  *n  the  modelled  equation. 

With  these  assumptions,  the  modelled  equation  for  the  consei  vat :  o.i  ot  the  departure  iron- 
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i <•  i ^  uiu  variation  ot  i  lor  the  tlow. 


INCORPORATION  INTO _THt_ROLLS - KOXCfc  VACE  PROGRAM 

f  2 


The  fevaluatioi.  v(  A(f),  <f  c  /'if 4  and  c  as  /.unctions  of  f  was  performed  using  a 
chemical  equilibrium  program  similar  to  tHal  of  Ohroor.  and  McBride  (14).  The  rate 
const  irit,  k.,  w.:  calculated  using  the  values  ol  <Jfulc»i  et  a).  <13)~  The  n  sail  values  ol 
3  c  /  3f  ,  A*f)  r.nd  wo  -e  calculated  in  the  PACE  program  using  a  standard  Simpsons  rule 
integration  routine. 


The  nean  value  of 
er (£‘df 

The  mean  CO  irasn  fraction  was  then  calculated  from 

c  *■  c  +  b 


was  cal  >l!  Is  ted  from: 


(i?) 


113} 


A  *-f unction  pdf,  as  normally  employed  i the  pace  program,  woe  u,?ed;  the  ttanaport 
equations  were  uolved  fur  the  Iia/lq  mean  -jnd  variance  ot  the  tut  i  fraction. 


PHYSICAL  .SHSNI^ICANCE  .Ur  _T  Ht^ERMbiN  THE  MU  PEL  Ltd.  .LQUAl^UN 


1  ri  Eq  •  .  .Lome  1  and  11  rupiceent  the  coi:vt:Mur  and  di  -fusion  of  the  departure  ( r  on 
equilibrium  f>,  by  the  mean  and  turtulent  motions.  Term  ill  represents  *_r.e  change  in  the 
departure  from  equilibrium  due  to  ciicnucnf  reaction.  The  multiplier  term  A(f;  Jtf  shown 
plotted  as  a  function  of  the  foe-1  fraction,  f,  in  t'g.  2;  A(  C )  has  been  calculated  tor 
the  fuel  ( ( ropano)  *  bu?  n*  r  pr cools o  (atmospheric),  air  a(  «■  fuel  temperatures  (  323  and 
3UK)  appropriate  to  the  burner  shewn  in  rig.l. 


This  term  clearly  bocui'-ea  imp'-rtan*  as  stolen  i  :>me  LX  it  conditions  ait*  approached  (f  « 
Q.Ofc),  whore  the  equilibrium  Oi<  concent*  a  J.  ii.-p  and  the  adiabatic  tl.nrin  temperature  are 
l.igtcut.  Chemical  react ‘on  causes  L’  to  dccrcoso,  hence  A(f)  Is  negative.  I’oi  overall 
1  e  t*  n  condi  t  l  'no  Mi)  oily  but-crooe  r  »g»i  •  t  lean  t  fo..  high  valun».  of  the  fuel  fraction 
variance,  which  i«  usvu  in  ths  calculation  ot  the  pdf  over  which  A(  l )  la  integrated. 
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Term  IV  represents  the  creation  ot  uoo-  equilibrium  concentrations  due  to  mixing, 
au  de^ctibed  earlier.  The  equilibrium  CO  muss  fraction  (c  )  it  low  for  lean  mixtures, 
but  incre*nua  v*_y  rapidly  as  stoichioirstr ic  conditions  are  approached  (f  *  0.06).  It 
the..  r»«?£&  mora  gradually  to  a  maximum  (at  f  *  0.15)  before  ag-in  falling,  at  first 
rapidly  at'd  thus’  mo^e  gently  towards  zero  for  v*?ry  rich  mixtures.  The  resultant  effects 
cn  which  appt'uia  i ^  ‘■■.e  mixing  source  term  (IV  m  Lq.9),  are  shown  in  Fig.  2. 

The  iifcstwl  spike  is  associated  with  the  rapid  change  in  gradient  as  c  rises  abruptly 
towards  the  g to i chi one trie  condition;  the  negative  spike  at  the  rich  fuel  traction  of 
0.16  is  similarly  associated  w i ... h  the  rapid  fail  in  c  for  this  mixture. 

HOUKILr.P  .CONDITIONS 

CalculatiorJ  wore  principally  conducted  for  a  mean  primary  zone  equivalence  rate  of 
0.36  (con  expending  fuel  fraction  *  0.024  );  a  condition  representative  of  idling 
co.idi  n  o-is,  c'loeit  at  ‘;he  atmospheric  pressure  restriction  imposed  by  the  burner  bein^ 

modelled.  T'e  primary  sno  dilution  air  mass  flow  rates  considered  were  .71  and  ,15  Kgs 

respectively . 

The  computational  mesh  used  s.\. s  47  x  22  x  15  (x,  y,  q),  with  the  axial  (x)  grid  lines 
concentrated  in  tbs  region  o'  thi  jet,  the  circumferential  (0)  grid  lines  evenly  spaced 
and  the  raaiaj  (y)  grid  lines  chosen  to  avoid  centreline  convergence  problems  and  to  give 
greater  accuracy  in  tht  wait  region.  Uniform  (flat)  profiles  were  assumed  for  all 
variables  at  both  the  dilution  jet  and  the  axial  flow  entry  plane  (75  mm  upetream  of  the 
dil  ition  jet  centreline),  except  for  Co  concentrations;  the  latter  were  assumed  equal  to 
those  experimentally  measured  at  entry  to  the  dilution  zone. 

The  form  ot  th'?  mixing  source  term  in  tin.  CO  oxidation  model  was  such  that  the  effects  of 
the  inlet  k  a'd  t  values  were  significant.  Therefore  9ome  care  was  taken  to  ensure  that 
realistic  boundary  condition  values  were  used.  A  value  of  33  rn  s'”  was  used  for  k  at  the 
inlot  tr  the  main  flew,  consistent  with  the  data  reported  earlier  under  similar 
conditions  (9>.  The  boundary  value  of  e  was  fixed  at  900rns  ,  based  on  mixing  length 

nypotheses  in  a  due*..  Al  Ui*  dilution  jet  entry  boundar}  ,  values  of  k  and  c  were  set  at 

10.6  and  700  respect i-'ely,  these  were  based  on  mean  calculated  values  from  an  earlier 
computation  of.  the  tlo\  in  the  annulus  (11). 

Since  the  mean  CO  oxidation  rate  was  sensitive  to  the  pdf  in  fuel  fraction,  itself  based 
on  modelled  fuel  ..ruction  mean  and  variance  values,  and  since  the  mechanism  being 
•monel  ?«.-d  was  x.r\e  quenrhinq  of  the  CO  reaction,  it  was  clearly  important  to  set  valid 
valuer  for  these  bou:  dut'-  conditions. 

For  the  non  reacting  flows  reported  earlier  (9),  for  the  identical  geometry,  r.m.s. 
temperature-  fluctuations  of  55  K  about  a  mean  value  of  715  K  were  typical  at  the  axial 
flow  entry  plane.  Under  thr.se  conditions,  the  (adiaba’iu  flame)  temperature  could  be 
expected  to  be  directly  related  t.o  fuel  fraction  (f).  Based  on  ^sych  a  relationship 
between  temperature  and  t,  and  the  assumption  that  the  ra  io  of  f  to  f"  was^tbe  same  for 
the  earlier  and  current  exper  imentaj^cond  i  t  ions ,  art  inle  value  of  1. 23.10"  was  adopted 
tor  the  vatiance  of  fuel  fraction  (t"7)  at  the  entry  plane  (11  ). 

KSSULTS 

J_a._  bgu ivalcnf.e  rat i o  0.38 


The  measured  combination  efficiency  at  the  dilution  zone  entry  plane  was  well  above 
90b,  anu  the  unburned  hydrocarbon  levels  were  low  (<  200  ppm).  It  was  therefore  reasoned 
that  heat  release  associated  with  any  additional  CO  oxidation  within  the  dilution  zone 
would  b.v  small,  and  hava  mirisuvl  effect  on  the  general  character  of  the  flow.  Hence,  in 
calculating  the  main  mean  flow  features  the  standard  PACK  turbulent  chamicol  equilibrium 
model  W|*i»  used.  computed  streak i ines,  fuel  fraction,  and  variance  in  fuel  fraction 
di &tr  ihun  ions ,  for  an  axLai  plane  through  t.he  centre  of  a  dilution  jet,  arc  shown  in  Fig. 
3.  Corresponding  d^ta  for  a  plane  midway  between  two  dilution  jets  are  given  in  fig.  4. 
Tht  i  1  uw  proved  wry  similar  to  that  for  the  low  dilution  jet  flow  case  reported  in 
reference  (9).  Inc  low  momentum  dilution  jot  is  swept  back  by  the  cross  tlowf  such  that 
the  core  of  the  flo*  close  to  the  burner  centreline  remains  largely  undiluted  until  well 
down s L t eiw  of  t.ho  dilution  jet  plane.  The  d  i  stribuL  ions  for  f7'  clearly  shuw  regions  of 
intense  mixiig  activity  at  the  leading  edge  of  the  jet,  and  to  a  le$3er  extent  in  the 
vortex  behind  tee  jet,  ao  noted  previously  i9). 

Shown  in  fig.  5(a)  art*  experimentally  moaaured  and  computed  i  yul  fractions,  along  radial 
lines  in  the  cxjL&l  olar-e  through  a  jet  centre!  ino,  at  ax'ai  stations  75  mm  upstream 
(eritiy)  arid  200  mm  d.ivnstrcnm  (exit)  ot  the  plane  at  Lhc  dilution  jets.  Thu  measured 
entry  fuel  iiaction  ,ms  essentially  constant,  the  equivalent  exit  value  showed  some 
dilution  at  the  burner  centreline-  and  more  dilution  with  increasing  radius  -  as  suggested 
In  Fig.  3.  However,  the  memured  exit  fuel  fraction  was  generally  higher,  and  the 
maximum  dilution  occurred  at  a  rod i ua  closer  to  the  burner  wall,  than  computed.  Thin  is 
consistent  with  the  comput atior  ol  greater  dilution  jet  penetration  observed  before  (9). 
Contours  ot  CU  concent  rat i-jn,  coxputud  using  the  muthod  outlined  pr evioualy ,  are  shown  in 
Fig.  6  for  Uhj  two  a;>  x  al  planes  'v»nr  iderod.  The  reductions  In  CO  concenli  at  Jon  aJorig  Lhc 
.burner  ter-trel i.i-?  are  largely  duo  to  further  oxidation,  as  dilution  at  the  centreline  has 
been  Hhftvn  to  he  small,  FLgs.  3  and  4.  In  Lhc  regions  closer  to  the  dilution  jet 
trajectory,  the  ,U>w  co  concentrations  ate  associated  more  with  dilution  than  oxidation. 
Computed  and  expel.1  mental  CO  concentr  at  ions  along  radial  linns  at  entry  anu  exit  fron.  the 
dijftio.i  /one,  covi eepondir.y  to  thu  fuel  fractions  shown  in  Fig.  5(a),  are  presented  in 
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Fig.  5(b).  The  CO  concentration  at  the  entry  plane  is  essentially  constant  in  the 
central  core  of  the  flow,  with  some  fell  in  the  region  closer  to  the  wall.  There  is  no 
corresponding  fall  in  fuel  fraction  with  increased  radius,  Fo.g.  5(a).  It  therefore  seems 
most  likely  that  the  reduced  CO  concentration  near  the  wall  is  associated  with  a  lower 
temperature  caused  by  heat  loss  to  the  wall.  The  measured  inlet  CO  profile  was  also  used 
to  define  the  entry  plane  CO  in  the  theoretical  model.  The  corresponding  experimental 
exit  plane  CO  concentration  shows  a  considerable  redaction  in  mole  fraction  at  the 
centreline,  but  that  this  reduction  is  smaller  with  increased  radius.  The  lower 
centreline  CO  concentration  is  a  result  of  further  oxidation  within  this  relative’y 
undiluted  region,  the  fall  in  CO  concentration  at  the  outer  radii  is  more  associated  with 
dilution  of  quenched  flow.  This  is  shown  more  cleanly  in  Fig.  7(a),  whore  the  CO  levels 
are  plotted  in  terms  Of  emission  index  ( gm  CO  per  kg  parent  fuel)  in  an  attempt  to  remove 
the  dilution  factor,  Tho  aaditional  oxidation  of  CO  in  the  central  flow  is  evident;  the 
apparently  anomalous  higher  exit  than  entry  COEI  at  the  o  :ter  radius  if>  likely  to  be 
associated  with  (high  CO  level)  fluid  quenched  and  transported  by  the  dilution  jet  wakes 
to  this  region.  If  the  upstream  CO  concentration  had  been  subject  to  pure  dilution  (with 
no  further  oxidation),  its  downstream  profile  would  be  identical  with  that  of  any  other 
conserved  scalar.  Then,  for  approximately  uniform  CO  upstream  concentration,  one  would 
have  expected  a  downstream  pLofilc  similar  to  that  of  £  in  Fig.  5(a),  with  a  high  CO 
concentration  in  the  central  flow  and  lower  concentrations  in  the  outer  regions  -  quite 
opposite  to  the  trend  noted  experimentally. 

Exit  plane  CO  concentrations,  computed  using  the  method  outlined  in  this  paper  may  be 
compared  with  the  experimental  values  in  Figs.  5(b)  and  7(c).  The  predictod  trend  is 
reasonably  correct,  more  clearly  so  in  terms  of  the  emission  index#  although  the  computed 
concentrations  are  lower  than  the  experimentally  obtained  values.  The  computed  results 
ore  however,  clearly  closer  to  reality  than  one  would  have  obtained  by  assuming  pure 
dilution  of  the  upstream  CO,  or  by  using  the  standard  equilibrium  chemistry  model;  this 
yields  essentially  zero  CO  concentrations  throughout  the  dilution  zone. 

bj  jjqui valence  ratio  0 . y  _ 

As  discussed  previously,  the  bulk  ol  the  work  has  been  for  a  simulated  "idle-* 
condition  with  equivalence  ratio  0.33.  However,  some  computations  have  been  effected  *o+ 
an  equivalence  ratio  of  0.9  at  entry  to  the  dilution  zone  -  a  condition  more 
representative  of  full  power,  albeit  at  the  me  mass  flow  rates  and  pressure  as  before. 

To  date  is  has  not  proved  possible  to  operate  the  tost  facility  at  this  condition  without 
overheating  the  intermediate  zone.  However,  it  was  considered  instructive  to  run  the 
computer  program  for  this  condition  in  order  to  see  if  any  quenching  occurred  upon 
dilution  air  addition.  In  the  computations  the  revised  values  of  f,  If"  ,k  andr  used  for 
the  axial  flow  were  0.0545,  6.Sjc  1Q~j,  42.  t,  and  1320  respective,  ly .  Uniform  entry  plane 
conditions,  with  CO  concentrations  at  this  plane  equal  to  the  rel  tively  high  equilibrium 
level,  were  assumed.  Shown  in  Fig.  8  are  the  resultant  compute  streakline  plots,  mean 
and  variance  of  the  fuel  fraction,  CO  and  departure  from  equilibrium  contours  for  an 
axial  plane  through  the  centre  of  a  dilution  hole.  The  latter  lave  been  plotted  because, 
for  these  conditions  the  approach  to  equilibrium  proved  very  rapid;  the  CO  and 
equilibrium  (CO  )  concentration  contours  hence  look  very  similar,  ruth  that  the  departure 
from  equilibrium  contours  are  mr  i*c  informative.  The  only  significant  departures  from 
equilibrium  occur  in  the  intense  mixing  regions,  principally  at  the  leading  edge  of  tne 
jrr.  Hpf®  rapid  mixing  results  in  partial  quench  of  the  CO  oxidation,  preventing  t ne  CO 
conccntLUt ion  fulling  fully  to  the  lower  levels  appropriate  to  the  local  lower 
equivalence  ratio.  Shown  in  Fig.  7(b)  are  the  computed  CO  and  CO  concentrations  (in 
terms  of  emission  index)  along  a  radial  line  at  the  exit  plane.  The«re  concentrations  are 
high  in  the  central  richer  and  hotter  flow,  falling  towards  the  oii'er  wall  as  the 
dilution  air  mixes  in.  Although  the  CO  levels  are  close  to  those  a*  equilibrium,  the 
differences  (especially  in  the  outer  and  cool.er  regions)  are  significant  in  t.**rms  of 
emissions  standards.  At  the  high  pressure  experienced  by  real  combustors  at  full  power- 
conditions,  one  might  expected  a  more  rapid  approach  to  equilibrium;  since  the  CO 
oxidation  rate  is  pressure  sensitive  (4,16). 

DISCUSSION 

The  degree  of  agreement  between  computed  and  the  limited  experimental  CO  data 
currently  available  is  considered  encouraging.  part  of  the  d  i  eago<?jn6nt  for  tho  o  *  0.36 
case  results  from  shortcomings  in  the  scalar  transport  modelling,  tn  previously  reported 
(9)  and  as  illustrated  here  in  Figs.  3  and  5(a).  The  gmavor  computed  jet  penetration 
and  coherence  will  result  in  incorrect  calculation  of  axial  flow  dilution,  with  higher 
temperatures  maintained  longer  and  consequently  lower  rn  concentrations. 

A  oensitivity  analysis  of  the  effect  of  entry  plane  variance  in  fuel  fraction  has  shown 
that  tho  CO  level  for  the  flow  close  to  the  dilution  zo:‘,e  centreline  i  v  sensitive  to  this 
parameter  (11).  Tho  region  of  flow  sUi)iig  1  y  affected  by  tK  d  lution  Jeio  i®  le3a 
sensitive  to  the  entry  plane  value  of  l"*  ,  since  this  is  overwhelmed  by  the  turbulence 
generated  in  the  jet  shear  layers.  Experimental  data  lor  fluctuation  in  tuei  fraction  (or 
at  least  Leir.perat ure)  ore  clearly  needed  for  the  correct  burner  conditions,  a&  (.no  method 
used  to  eelimat*  thea-s  may  be  inadequate.  Al ternal  Lvtily  on-1  might  include  tho  upatream 
burner  in  the  computational  solution  domain,  or  carry  out  separate  calculation®  r.or  this 
but  ner • 

The  solution  technique  developed  is  considered  to  have  g realm  potential  for  predicting 
CO  emi talon®  than  chemical  equilibrium  or  laminar  flamelot  method®.  It  also  has  tho 
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considerable  benefits  of  requiring  the  solution  ot  only  one  additional  conservation 
equation  and  of  needing  specification  of  just  a  one-dimensional  pdf  -  unlike  multiple 
chemical  reaction  kinetic  schemes.  In  the  computations  reported  here,  using  the  solution 
to  similar  problems  to  define  Lhe  starting  conditions,  to  perform  100  iterations  tor  all 
the  turbulent  flow  variables  (including  the  Beta  function  turbulent  equilibrium 
evaluation  of  the  mean  density)  took  3.5  MB  and  43  CPU  minutes  on  an  IBM  3081  mainframe 
computer. 

The  outlined  solution  method  is  only  applicable  tu  CO  burnout,  such  as  that  in  a  dilution 
zone;  its  assumptions  make  it  inapplicable  to  a  highly  reactive  region,  such  as  a  primary 
zone.  In  ordet  to  applj  the  method  to  the  dilution  zone  of  a  practical  burner,  as 
opposed  to  the  highly  idealized  one  ured  in  the  present  study,  it  woulu  be  necessary  to 
closely  specify  the  d.lution  zone  entry  boundary  conditions.  Those  generated  by  a 
program  uning  an  equilibrium  chemistry  model  may  well  pro-'e  adequate  for  variables  other 
than  CO.  However,  equilibrium  primary  zone  exit  CO  concentrations  would  c^rtainLy  be 
incorrect  at  idling  conditions;  those  generated  by  a  lam>  a*-  flamelel  model  might  be  more 
appropriate . 

CONCLUSIONS 

The  small  departure  from  equilibrium  CO  oxidation  model  offers  a  cost  effective 
means  of  calculating  super-equilibrium  CO  emissions.  The  procedure,  when  incorporated 
into  a  conventional  finite  difference  computer  code,  such  as  PACE  entails  the  solution  of 
just  one  additional  conservation  equation  (of  standard  form)  and  requires  only  a 
one-dimensional  pdf. 

For  an  idealized  gas  turbine  combustor  dilution  zone,  operating  at  an  inlet  equivalence 
ratio  typical  of  idling  conditions,  the  method  is  capable  of  generating  solutions  in  good 
qualitative  and  reasonable  quantitative  agreement  with  the  limited  experimental  data 
available.  The  computations  are  more  realistic  than  those  generated  using  a  chemical 
equilibrium  model. 

At  the  higher  equivalence  ratios  typical  of  full  power  conditions,  a  much  closer 
approximation  to  thernochorical  equilibrium  CO  levels  is  likely.  However,  the  method 
uBed  is  capable  of  predicting  departures  of  CO  concentration  Eroir  equilibrium  which  may 
be  significant  in  terms  of  emissions  standards. 
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DISCUSSION 


J.Hanspal,  UK 

Why  is  it  that  experimental  data  are  error -bar  free’’  This  is  a  feature  not  (inly  for  your  presentation  but  most  othei  s.  Does  it 
mean  that  the  errors  are  smaller  than  the  data  symbols?  If  not,  it  is  very  important  to  include  them  for  relative  comparison 
between  experimental  tlicoiy. 

Author's  Reply 

The  experimental  data  presented  are  only  preliminary’  —  insufficient  data  were  collected  to  justify  such  error  bars.  Much 
more  data  is  now  being  accumulated,  and  this  will  have  error  bars! 


J.Odgers,  CA 

Your  "flame”  temperature  term  appears  to  be  a  function  of  equivalence  ratio  only.  Do  you  take  into  account  the  effects  of 
inlet  temperature? 

Author's  Reply 

The  temperature  used  is  the  local  adiabatic  flame  temperature.  Since  this  is  a  function  of  both  local  equivalence  ratio  and 
reacted  temperature,  the  air  inlet  tenipetature  is  automatically  taken  into  account. 


EFFET  DE  LA  CONVECTION  SUR  L’ EVAPORATION  ET  LA  COMBUSTION 


D'UNE  GOUTTE  DE  COMBUSTIBLE 


par  Dominique  SCHERRtR 
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Rfeautt* 


On  prAsente  une  4tude  num6rique  de  la  combustion  d’une  goutte  dans  un 
dcoalement  gazeux.  Le  prmcipe  de  la  n*thode  reside  dans  la  resolution  des 
Equations  de  bilan  instationnaires  dans  les  deux  phases  par  une  technique 
implicite  de  volumes  finis.  Lea  r6sultata  obtenus  pour  la  loi  de  vaporisation 
sont  compares  avec  la  loi  seoi-empinque  de  Ranz-Harshall  :  un  accord  satis- 
faisant  eat  trouv*  seulement  dans  le  cas  d'une  vaporisation  sans  combustion,  4 
un  noabre  de  Reynolds  suffisant.  Les  autre*  rdsultsts  sont  les  suivants  : 

-  la  traiade  de  la  goutte  est  sens ibleoent  diroinude  par  la  vaporisation, 

-  les  effets  instationnaires  dans  la  phase  gazeuoe  disparaissent  presque 
compldtement  du  fait  de  le  convection  (exception  faite  de  ceux  dvsntuels  li6s 
i  une  cin6tique  de  reaction  finic,  qui  n'ont  pas  6t*  6tudi*s  ici), 

-  les  vite-?ses  indvites  4  l'int*rieur  de  la  goutte  ne  sont  pas  suffisantes  pour 
rendre  n6gligeables  les  effets  inst ationnaire?  dus  au  transfert  de  chaleur 
dans  la  phase  liquide. 


INFLUENCE  OF  THE  CONVECTION  ON  EVAPORATION  AND  COMBUSTION 
OF  A  FUEL  DROPLET 


Abstract 


A  numerical  model  is  presented  for  the  combustion  of  e  droplet  in  a 
gaseous  flow.  The  method  is  based  on  the  integration  of  the  unsteady  balance 
equations  in  the  two  phases.  It  uses  a  finite  volumes  implicit  scheme.  The 
results  for  the  vaporisation  law  are  compared  with  the  empirical  law  of  Runz- 
Harshall  :  a  good  agreement  is  fouud  only  in  the  case  of  pure  vaporization 
(without  combustion)  at  a  sufficient  Reynolds  number.  The  other  results  are  the 
following  : 

-  the  drag  of  the  droplet  is  decreased  by  the  vaporization, 

-  the  unsteady  effects  in  the  gaseous  phase  become  negligible  with  convection 
(except  those  due  to  finite  rate  reaction  which  ate  not  studied  here), 

-  the  velocities  inside  the  droplet  are  not  sufficient  to  neglect  the  unsteady 
effects  due  to  heat  transfert  in  the  liquid  phase. 


1.  INTRODUCTION 

Le  ealeu]  des  dcoulenents  rdactifs  dans  lea  ebambres  de  combustion  fait  tr*a  souvent  appel  4  un 
module  de  combustion  de  goutte.  Celt  en  particulier  le  cas  dans  les  moteurs  Diesel,  les  moteurs  fusses 
et  les  turbomachi ne* ,  le  combustible  Atant  inject*  dans  it  chambrc  sou«  forme  de  gouttelettes  issues  de 
la  pulverisation  de  jets  liquides.  Lei  noabrsux  travaux  eff«etu4»  sur  la  combustion  d'une  goutte  sont 
rtjumAs  dans  lea  articles  d«  revue  de  A.  Williams  [1],  Teeth  [2j,  C.K.  Law  [3]  et  Sirignano  (4].  Haig.-* 
le  nombrn  et  3 'import  it.ee  de  cem  travaux,  le  aodtla  le  plus  utilis*  rests  Is  cAlAbr*  "loi  du  D1",  valahle 
en  1' absence  de  co:av*ctioo  «t  issue  de  la  thAorie  aualytique  d*j4  ancienne  due  4  Godsave  (5).  Cette  loi 
stipule  que,  dans  )e  cadre  de  certaincs  hypothAses  (quasi~stationnaril6 ,  lewis  -  1,  flamme  infjmment 
mince! ,  le  csrr*  du  diamAtre  de  la  goutte  dimiuwe  liaAairement  avec  le  temps  :  dc*/dt  •  -  K,  R  etant 
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fonction  de  la  diffuaivitE,  de  lenergic  apportEc  par  len  ga 2  chauds  environnants  et  par  la  reaction 
chimique,  at  de  la  chaleur  de  vaporisation  de  )a  goutte.  Dans  le  cas  oti  la  goutte  est  placEe  dans  un 
Ecoul*»ent  gareux  de  vitesse  non  nulle,  Frdssling,  puis  Ranz  et  Marshall  [6 J  ont  Etabli  de  facon  semi- 
empirique  cue  le  taux  d '  Evaporation  instantanE  Etait  multipliE  par  un  facteur  ne  dependant  que  du  nosbre 
de  Reynolds  et  du  nombre  do  Prandtl  :  dD*/dt  *  -  K  C(Re,  Pr)  avec  C  «*  1  +  0,3  /Te  Pr1/3.  Cette  loi 
repose  Evideaaent  sur  les  hypothEses  parfois  discutables  de  la  “loi  du  Da "  et  de  plus  1  expression  du 
facteur  correctif  C  n'a  EtE  Etafclie  Que  pour  des  cas  de  vaporisation  sans  combustion,  mats  sa  facility 
d'caiploi  et  1 ' absence  do  aodEles  simples  plus  rEalistes  expliquent  son  utilisation  quasi-exclusive.  A 
defaut  de  rcieux,  ll  convient  au  moms  de  bien  connaitre  1' influence  des  hypotheses  de  la  "loi  du  D*" 
ainsi  que  le  doaaine  de  validitE  de  la  correction  de  Ram-Harshall .  A  cet  effet,  1'intEret  d'une  simu¬ 
lation  nuatrique  eat  Evident  car  elle  pernet  de  prendre  en  compte,  sioultanEment  ou  non,  tous  les 
phEno*Enes  physiques  et  chimiques  en  stationnaire  ou  en  instationnaue.  C'est  cette  approche  qui  a  EtE 
choisie  ici. 

Une  preaiEre  Etude,  portant  sur  1' influence  des  hypotheses  de  la  "loi  qu  D8 "  clans  le  cas  d'une 
goutte  mobile,  a  fait  l'objet  d'une  publication  antErieure  [7].  Elle  a  nns  en  Evidence  1 '  importance  des 
effets  mstationnaires  dans  la  phase  liguide  (chauffage  de  la  goutte).  nis  aussi  dans  la  phase  gaieuse 
lorsque  la  pression  est  ElevEe  :  dans  ce  cas,  le  teaps  de  diffusion  entre  la  qoutte  et  la  flaame  ne  peut 
Plus  Etre  nEgligE  pai  rapport  A  la  durEe  de  vie  de  la  goutte,  ce  qui  se  traduit  par  un  dEphasnge 
important  entre  la  vaporisation  et  la  conbustion- 

L'Etude  presentEe  ici  porte  sur  l'influence  de  la  convection  (vitesse  relative  gas-goutte)  sur  la 
combustion  d'une  goutte.  Dans  un  prosier  temps.  on  presenter®  des  rEsuKsts  scationnaires  sur  la  validity 
de  la  correction  de  Ranz-Marshall,  et  sur  la  trainEe  d'une  goutte  en  combustion.  Dans  un  second  temps,  on 
examiners  deux  aspects  inotationnaires  liEs  4  la  convection  :  l'influence  des  vitesses  internes  sur  le 
chauffage  de  la  goutte,  et  1'effet  d'une  fluctuation  de  vitesse  des  ga*  environnants.  Bien  que  le  modEle 
puisse  les  prendre  en  compte.  les  effets  de  la  convection  liEs  4  une  cinEtique  de  rEaction  fmie  ne  sont 
pas  EtudiEs  ici.  Dwyer  et  Sanders  [8]  ont  montrE  dans  une  Etude  rEcente  que  dans  le  cas  d'une  vitesse  dc 
gar  ElevEe  et  d'une  rEaction  lente,  lls  se  traduisaient  par  une  flaaoe  Epaissie  pouvant  meme  se  situer 
ent i Erement  dans  le  sillage  de  la  goutte. 

2.  CARAcTERlSriQUES  ET  HYPOTHESES  DU  MODELE 

L’obgectif  est  ici  l'Etude  du  terme  de  convection  C  =  (d  D  /<k  t  ^  t)v«eet  sa  compare  1  son 
avec  l'expression  de  Ranz-Marshall*  Ce  term*  Etant  a  prion  indEpendar.t  du  terme  dc  diffusion 
(4o1/4t)v«o.  on  se  content*  de  l’Etudier  dans  le  cas  de  produits  fictifs  dotis  de  caractEr istiques 
physicochimiques  simplifies.  Ces  simplifications  ne  sont  toutefoia  pas  intruisEqucs  au  modEle  et  ll  est 
done  possible  de  s’en  affranchir.  Le  prmcipe  de  la  modElisation  est  1  ‘  intEgration  nuroerique  des 
Equations  dc  bilan  mstationnaires  dans  les  deux  phases  liquide  et  gazeuse. 

2.1.  Phase  gazeuse 

-  La  phase  gazeuse  est  traitEe  coniine  un  fluide  compressible  visqucu*. 

-  Les  Equations  sont  les  Equations  de  biLar.  de  uassc,  quantitE  de  mouveaent  ot  Energie.  Elies  inciuent 
les  termes  de  convection  et  de  diffusion,  les  forces  dc  pression  et  Je  viscositE.  et  les  termes  soirees 
dus  aux  rEactions  chimiques.  Elies  sont  Ecrites  en  coordonnEes  curvilignes,  les  lignes  isocoordcr.nCes 
dEfimssant  le  naillage  (fig.  1).  Ce  maillage  suit  la  goutte  dans  son  dEplaceffent  et  dans  la  regression 
de  son  diamEtre.  Les  vitesses  sont  explimEes  par  rapport  au  repEre  naturel  liE  i  ce  systEne  de  coor- 
donnEes.  L * accElEration  de  la  goutte,  done  du  repEre,  est  calculEe  4  chaque  instant  en  intEgrant  les 
forces  de  pression  et  de  frottement  exercEea  par  le  gaz  sur  la  goutte. 

-  Lc s  e!>j'wi;vs  chimiques  en  prEgence  sont  lc  cocbustible,  l’oxyddnt  et  les  produits  de  combustion, 
reprEsentEs  par  une  seule  espEce  chimque. 

“  La  rEaction  chimique  est  4  une  seule  Etape  at  A  cinEtique  finie,  choisic  suf f lsamment  rapide  pom 
tester  dans  le  cadre  de  1‘hypothEse  de  flanme  mince. 

-  La  chaleur  spEcifique,  la  diflusivitE  de  ruasBe,  la  conductivitE  thermique  et  la  ViscositE  sor.t  jndE- 
pendantes  de  la  tempErature  et  de  la  composition  chimique. 


k 
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2.2.  rhase  liqu xde 

La  phase  Uquide  est  tr.itde  comae  un  fluide  incoppressiM.  vi.queur., 

’  ‘eln  de  U  0outLe  ,ont  d*£i“1**  *«  ■*"  tourbillon  de  Hill  110] ,  ,U1  eat  ue.  solution 

I/i  JrMa^M^'n'o  "odTMt'T*  ,Utl°“?lre*-  4°"“4«  P«  1 1  .xpr.uion  de  la  fonction  de  cour.nt 
tTtae  Mt  luatlf^i  i  1  rly0C  0O“,t,  *  ^JPten.itd  do  tourbillon.  Cette  hypo- 

«»".« ,i“  vte  ^ no,bre  de  din>  u° i«ui4*. c*  «>'*  p««”4« 

la  chaleu?  ‘  I  ?  5>-ailtit4  de  .ouve.ent  eat  quasi -atauonnaire  oar  rapport  A  la  diffusion  de 

tourbill™'  „hr^  ,  1  u  U  ?outte  *«  to»tefoi.  prise  en  c«pt.  par  le  calcul  de  1  'ip'  ensiU  dn 
rStltion  j;  ‘  T*  ?nst"1?  *"  l!  bil.hjn.tatiopn.ire  del'inerqie  cinttiqu.  da 

ro  at  ion  de  la  qoutte.  Dana  le  ulieu  convnctif  ainsi  dAfini,  ies  te.pSratures  aont  calculiea  oar  1. 

==:~?ii  =3™  ■»,  s-ms.  »s«H  s 


FIG.  2  -  Msillifft:  de  la  phase  liQuide 


2.3.  Inter! ace  lujuide-naz 

-  La  continuity  de  la  coanns^nt-P  r  >nn»n»  ioi  iA  a*  i*  ,  , 

j „  .*  ;  — ■  . -  '•'*  *“  w  «..-•.»«  c»v  a  i  interlace  liguide-oiz.  II 

con  lent  de  uoter  que  la  representation  -leu  viteaaes  dans  la  goutte  p*r  un  tourbillon  de  Hill  ne  neraet 
pan  J'jwoier  *gale»ent  la  continuity  de  la  contwi.it.  de  cisaille.ent ,  ce  qji  re  devrS  t  pL  avotr 
d'effet  notable  sur  les  r*.ulut.  dans  la  nesure  o*  le  bilan  d^nergie  global ^st  correct 

-  L'equilibre  liiuide-vapeur 


<Tf-*T!‘)-HC  dC  U  ,0"fte  “*  P"  ™C  4*  v.p0ri..U0p 

.ux  de  chaleur  arrivant  sur  la  gout 

*!(£>,,=  MSH, 


aert  d'une  part  &  ^chauffer  la  goutte,  d' autre  part  4 


3. 


HETHODE  NUHERIQUE 


S^rsr-ss.*2»  a  s^w««srS%£~ 

de,  teroes  defection.’  Tl,“**  *1,v4e  b^e.slt.nt  tout.foi.  un  ddceptre.ent  „0„t 

4.  RESULTATS 

..tu*e  u  r:  sur:ir  ?•* 

1C#  e“  de  cllcul  -r*""1**  1-  principal.,  qr.nd.urs  mctSLiS  lott  It  SliiXV ^ 

-  no.bre  de  Lewi*  :  l 

-  nombre  de  Prandtl  :  0,73 

-  coefficient  de  transient  de  Spalding  :  B 

“  diaodtre  do  la  goutte  :  ICO  pa 


6  pour  un  dcouleaent  ''froid'' 
23  pour  un  4coule«ent  "chaud" 


(T«.» 

<T^= 


500  K) 
3000  K] 
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4.1.  Rdsultats  gtat xonnaires 

4.1.1.  Description  des  different*  regimes 

Lea  resultats  atationnaires  sont  obtenus  pour  une  goutte  fixe  placie  dans  un  £coulement  de 
vjtesee,  temperature  et  composition  chmiguu  conatantes.  La  temperature  initial?  de  la  goutte  est  Ggala  4 
sa  temperature  de  vaporisation,  ce  qui  peraet  de  aupprimer  la  piriode  de  chauffage.  Le  rayon  de  la  goutte 
est  maintenu  arlificiellement  constant. 

Lee  figures  3,  4  et  5  reprdaentent  les  champs  de  vitesse  et  les  isothermes  pour  un  nombre  de 
Reynolds  4gale  4  10,  100  ct  200  reepectiveaent .  La  temperature  de  l’ecoulement  amont  est  Cgale  4  500  K, 
qui  est  aussi  la  temperature  de  vaporisatior  <e  la  goutte.  Pour  les  faibles  valeurs  du  noabre  de  Reynolds 
(infirieure  4  20),  le  regime  de  combustion  est  esser.tielleiient  ditfusif  :  la  flamme  prend  une  forme 
elliptique  aais  reyte  aseez  61oipn£e  de  la  surface  de  la  goutte  ;  la  vitease  nornale  du  gaz  4  la  surface 
de  la  goutte  est  conparable  4  la  vitesse  de  l'^coulensnt  amont  (fig.  3).  Pour  les  grands  nombree  de 
Reynolds  (entre  50  et  100).  la  flamme  est  pratiquement  collde  4  la  goutte  dans  sa  partie  amont,  et  tr4s 
6tirde  dans  sa  partre  aval,  car  ?a  diffusion  ne  pent  plus  remonter  l'4couleueut  :  le  rdgitae  de  combustion 
est  alors  rssentiellement  convectif  ;  la  vitesse  normale  du  gaz  4  la  surface  de  la  goutte  est  nettenent 
mfdrieure  4  la  vitesse  dr  1 '^coulemeut  amont  (fig.  4).  Loisque  le  uombve  de  Reynolds  d^pasue  150,  il 
apparait  dernire  la  goutte  une  zone  de  recirculation  qui  modifie  la  forme  des  isothermes  (fig.  5)  :  ceci 
se  tradi.it  par  une  leg^re  augmentation  des  gradients  tber&ique  ct  chiaique  dans  cette  region,  done  par 
une  augmentation  du  debit  vaporish.  Cette  augmentation  reste  toutefois  liailde  car  la  majeure  partie  de 
la  vaporisation  a  lieu  sur  la  moitid  amont  de  la  surface  de  la  goutte,  corame  le  montre  la  figure  6  qui 
reprdsento  1c  taux  de  vaporisation  en  f one t ion  de  x' angle  pour  diffferents  nombres  de  Reynolds. 


- 610 

- 650 

- — -780 

"  7000 


FIG.  3  -  Cheap  de  vitesses  et  isotheraes 
Re  -  13 


FIG .  4  -  Cheap  des  vitesses  et  isotheraes 
Re  =  90 


FIG.  5  -  Champ  des  vitesses  et  isotheraes 
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FIG .  6  -  Variation  du  dibit  vaponsi 
en  function  de  1 'angle  pour  dittirents  Reynolds 


4.1.2.  Evaluation  du  terse  de  convect 
Comme  on  l'a  vu  plus  haut,  le  terne  de  convection  est  ddfim  par  : 


La  loi  eapirique  de  Ranz-Marshall ,  ^tablie  pour  des  cas  de  vaporisation  sans  combustion,  donne 

C  =  1  +  0,3  /Re  Pr" /3 ,  Re  6tant  le  nombre  de  Reynolds  et  Pr  le  nonbre  de  Prandtl. 

La  figure  7  represent©  la  eomparaison  entre  cetu-  >oi  el  les  itsultats  du  module  numenque.  ,'our 
uii  bcoulement  chaud  13000  K)  et  pour  un  ecouleoent  froid  (^00  K) .  Dans  les  deux  cas.  on  note  un  6cait 
important  (allant  jusqu'4  30  \)  pour  les  faibles  valours  du  lombre  de  Reynolds  (mf6rieures  4  1C).  Cel 
£cart  s'expiique  sans  dou*e  par  le  fait  que  le  choix  d'une  loi  en  /Re  est  ba3e  sur  l'existenoe  d'uae 
couche  linite  mince,  ce  qua  n'est  pas  le  cas  4  faible  nombre  de  Reynolds.  Pour  les  notibres  d»  Reynolds 
Clevts,  1 'accord  est  sa  isfaisant  dans  le  cas  d’un  6coulemant  chaud,  mais  on  note  \»ne  difference  asstz 

sensible  dans  le  cas  dc  l'icouleuent  froid.  be  cas  dc  1'fecoulement  chaud  £tant  assez  proche  dune 

vaporisation  sans  combustion,  1’ accord  entre  le  noddle  numenque  et  la  loi  de  Ranz-Marshall  etait 
prbvisible  dans  ce  cas.  Din*  le  cas  d'un  ^conlemeni  froid,  l'fecart  entre  le  moddlc  nua^rrque  et  la  loi  de 
Ranz-Marshall  peut  s'expliquer  par  la  forte  diminution  de  density  li£e  4  1 ' augmentation  de  temperature 
dans  la  flammo.  On  constate  qu'on  retrouve  un  accord  satisfaisant  dans  tous  le*  ca9  si  dans  la  loi  de 
Ranz-Harr.r.al]  m  remplace  le  noabre  de  Reynolds  par  un  Reynolds  modifi*  calculi  4  l’aide  de  la  density 
dps  gar  dans  la  flanoe  pluvot  qu  4  1'iufini  amont  (fig.  S) .  La  loi  dc  Ranz-Marshall  ainsi  modifi^e 

S'tcrU  :  „  P  V  D  P 

'■>  ov.c  R«m  =  Ii-ZzJL-  Re.  5- 


C'r  *1  +  0.3  V5eL  Fr  ‘ 


Cette  modification  est  fevidemment  3ans  eftet  en  1‘ absence  de  combustion. 


FIG.  7  -  ferae  de  convection  en  tonction  du 
noabre  dc  Reynolds  .*  coapa raison  entre  le  module 
nuadrigue  et  In  loi  de  Ram-Marshall 


FIG.  8  -  Terse  de  convection  eu  ( one t ion  du  n ombre  de 
Reynolds  :  comparaiaon  entre  le  moddle  nuadrique  et 
la  loi  de  Ram^Maiabal]  aodifiie 
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4.1.3.  Evaluation  de  la  trainee  ie  la  goutte 

La  trainee  de  la  goutte  pcit  6tre  calcul£e  num^riq  enent  en  integrant  *ur  la  surface  de  la  goutte 
la  projection  but  l'sxe  des  forces  de  piesiion  et  de  frottenent,  cea  deux  teraes  p.us-nt  4tre  calculus 
«^nar  lent.  *Jn  premier  caJcul  effects  dans  le  car  d  unc  sphere  aolio.'  dan.  un  4coulemert  Iroid  non 
r4*  ctif  a'est  a?4r<i  en  bon  accord  avec  la  loi  de  trainee  experimental*  cxprimanl  le  coei ticieiit  de 
trainee  en  function  du  no»br«  de  Reynolds  ; 

Cd  -  24/Re  (1  +  0,14  ».«'■  ■  ••7) 

L-  figure  S  represent-  la  loi  de  trainee  obtenue  p>r  le  module  nur*i  ique  pour  une  goutte  en 
combustion  dans  un  ecouleaect  chaud  { T ^  ■  3000  K).  On  ennstate  q-  e  des  que  1  nombra  de  Reynolds  depasse 
20,  la  p&r^ie  frottraect  dc  la  trainee  s'annule  presque  eotp.'  fcteaent  alors  que  la  partie  pression  n'est 
pas  affect'c.  Ceci  eit  dti  au  soufflage  de  la  couche  lxmite  par  le  dr  it  vaporise.  Ce  .oufflage  n'rst 
efficace  que  si  la  ouohe  liaitc  eat  since  e'est-i-dire  approxnat*  vement  pour  les  nonbets  de  Reynolds 
supe&'jurs  4  2u.  La  partje  pression  de  la  trainee  n'est  pas  affectee  car  le  debit  VLponse  reste  u.b.o 
par  rapport  au  debit  arnvant  sur  la  goutte.  Pour  des  taux  de  vaporisation  p’ua  important*,  il  pourrait 
apparaitre  un  effet  de  propulsion  du  au  fait  q-,.e  la  vaporisation  a  lieu  surtout  dai.j  la  region  du  point 
d'arret  aaont  :  tell  st  traduirait  par  .’De  augmentation  d?  la  trainee  de  pression. 


FIG.  9  -  Coefficient  de  tz»:n4e  d'une  ffoutte 
en  combustion  ,<ans  un  tcotileBtnt  chsui 


4.2.  Rdsult&ta  luatatioanaires 

4.2.1.  Etude  de  la  periods  de  chavittge  de  la  g.Mitie 

On  considers  gdnfcraleaen';  que  les  vitesse*  4  linttneur  <**  1*  gout  ft  ont  pour  effet  d’unifor- 

miter  sa  temperature  pendant  lk  periods  ft  cfcxuffnge  de  la  goutte.  Dana  cc  :ss,  ce1. le-ci  peut  4tre  prise 

en  c.mpte  dauc  la  loi  de  Ranz-Harshall  de  fxcon  ralativement  Jimple.  Sirignano  [9]  a  sontr*  que  cette 
bypothesc  4t«il  puu  rdaliste,  ce  que  coulment  les  rdeultats  de  calcul  effectuea  pour  un  noabre  de 
Reynolds  egal  4  30.  La  figure  10  represents  en  fonction  du  teaps  le  carr4  du  diae£tre  aipsi  que  les 
temptr&turei  minimal*  et  aaxirxle  dans  la  gtatte.  Par  rapport  .au  cas  d'une  goutte  initialement  chaude.  la 
«I«rd*  do  vie  de  la  goutte  eat  Frenque  multiplide  par  deux  :  n  periods  de  chauffage  de  la  goutte  e  done 
une  importance  considerable,  el  ce  d'xitant  plus  que  la  pression  eat  proebe  de  la  pression  critique  du 

coobusLiblw,  ce  qui  e«t  le  caa  de  ,a  ca'.cul.  La  figure  11  reprdseate  les  i~othernes  dsn®  Is  goutte,  4  un 

instant  sKuG  vers  la  moitit  de  1*  dnrde  du  Tie  de  la  goutte.  On  constate  qu’elle*  ont  pratiquement  la 
forme  des  lignea-  de  courant  :  c«lHi-c:  dtent  des  lignea  ferm6ot,  la  convection  ne  permet  pas  de 
transmettte  la  *h«l»ur  vert  \n  centre  du  too  billon,  ce  qui  explique  la  non-uniformitt  des  temperatures 
dans  la  goutte.  ce  r4sultat  eerait  4vidoa*ent  remit  en  cause  si  la  reprdaentatiou  des  vitetses  internes 
par  un  tou.biliou  de  Hill  a'avirait  peu  realists,  ce  qui  eat  possible. 
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FIG.  10  ~  Influence  du  chauffage  de  la  FIG.  11  -  Isothermes  dans  la  pouffe 

goutte  :  catri  du  diaa&tre,  temperatures  Re  =  30 

umi'-ale  ct  maximale  de  la  goutte  en  fcuctjon 
d j  temps  pour  un  tconleoent  de  vitesse 


4.2.2.  Effet  de  fluctuations  de  la  vitesse  de3  gar 

Les  fluctuations  de  vitesse  de  1 ' ecoulement  gazeux  son’,  obtenues  en  laisant  varier  la  pression 
d'arret  et  l'enthalpie  d'arrdt  de  telle  sorte  que  la  vitersc  suive  une  loi  sinusoidale.  Des  calcuis  ont 
dtd  effectuds  pour  diffdrentes  valeurs  du  nornbre  '>t  koynolds  allant  de  10  k  100.  k  des  frequences 
comprises  entre  2000  et  10  0C0  Hi,  et  avec  une  amp"  _i  i:de  dgale  i  1-  aoitid  du  niveau  tnoyen-  Les  rdsultats 
ort  raontrd  que  la  rdponse  du  ddbit  vaporish  4  de  riles  fluctuations  se  faisait  sans  gain  et  avec  un 
retard  trds  faible  don*,  l’ordre  de  grandeur  est  sgal  &  P/V^,  ,  r  dtant  le  diamdtre  de  la  goutte  et 

la  vitesse  de  1 ' dcoulemeat .  Cette  rdponse  peut  done  etre  considerde  comme  quasi-stationnaire. 

b.  CONCLUSION 

L'utilisation  d'un  noddle  nuradnque  bidimensionnel  a  permis  d'etfectuer  1’dtude  de  l'effet  le  la 
convection  sur  la  conbustion  d'une  goutte.  Les  prmcipaux  enseignements  de  cette  dtude  sont  rdsumds  ci- 
dessous  : 

-  loraque  le  noobre  de  Reynolds  est  supdneur  k  10.  la  loi  de  Ranz-Mar shall  a  dtd  confirmde  pir  les 
rdsultats  numdriques  dans  le  cas  od  l'dnergie  apportde  prr  la  reaction  chimique  est  faible  par  rapport 
k  cells  apportde  par  1 'dcou  lenient  amont .  Une  extension  de  la  loi  dvr  Rarz-Harshal  1  basde  sur  Its 
rdsultats  numdriques  a  permis  de  tenir  compte  de  la  diminution  de  densitd  au  niveau  de  la  flamtne 
lor*q«i  l'dnergie  apportde  par  la  r ‘■action  n'est  pas  faible  devant  celle  apportde  par  1 '  dcouletnent  ; 

-  la  vaporisation  de  la  goutte  ditnn  sensiblement  sa  trair.de  lorsque  le  nombre  de  Reynolds  est 

supdneur  k  20  ; 

-  en  accdldrent  tous  les  phdnomdnes  de  transport,  la  convection  rend  ndgligeables  les  effets  insta- 
tionnaires  dans  ia  phase  gazeuse,  k  I'exclusion  dventuclle  de  ceux  lids  k  une  cindtique  de  reaction 
fxme,  qui  n'ont  pas  dtd  dtudids  ici.  Par  contte,  les  vitesses  induites  k  l'intdneur  de  la  goutte  no 
suffisent  pas  k  uniforaiser  instantandment  sa  tempdrature ,  et  les  transferts  de  chaleur  dans  la  goutte 
re3tent  done  un  aspect  instationnaire  non  ndgligeable  ct  difficile  «.  prendre  en  cowpte  dc  facon  simple. 
II  fa'Jt  de  plus  garder  k  l'esprit  que,  dans  la  rdalitc.  les  gouttes  de  petite  taille  sont  rapideaent 
entraindes  par  1 ' dcouleaent  ct  on  retrouve  alors  I'aspect  instationnaire  lid  k  la  lenteur  de  la 
diffusion  en  phase  gazeuse  lorsque  la  pression  est  dlevde. 

Sur  le  plan  quantitatif ,  ces  rdsultats  demandent  A  dtte  dtendus  au  cas  le  plus  gdndral  de 
produits  ayant  des  caractdnstiqucs  physico-chimiques  quelconques.  Ainsi,  la  ddpendance  des  coefficients 
de  transfert  avec  la  tempdrat ure  et  la  composition  chimique  impose  d'utiliaer  dans  la  loi  de  Ranz- 
Harshall  et  dans  la  loi  do  trainde  des  valeurs  moyennes  judicieuses  qu’il  convient  de  prdciser. 
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DISCUSSION 


C.Sdnchez  Tarifa  Sener,  $P 

When  modelling  droplet  combustion  under  forced  convection  conditions,  the  existence  of  the  extinction  limit  of  the 
envelope  flame  should  be  taken  into  account,  which  is  a  function  ot  the  Reynolds  uumbci,  and  the  existence  of  a  wake 
flame  above  this  limit. 

B.Noll,  OE 

How  accurate  are  your  results  and  how  did  you  determine  the  awuiucj? 

Author’s  Reply 

It  is  difficult  to  evaluate  tl.c  global  accuracy.  The  spatial  scheme  is  second  order  accurate,  except  for  high  velocities  which 
necessitate  an  upwind  fji\t  order  scheme  for  the  convection.  This  should  not  cajse  an  important  error  because  the 
gradients  in  the  concerned  direction  are  very  low. 


B. Simon,  GH 

In  your  very  detailed  investigation  you  regarded  ditfusion  and  convective  transport.  Do  you  believe  that  at  very  high 
temperatures,  c.g.  3000K,  the  radiative  heal  transfer  can  be  neglected? 

Authors  Reply 

The  radiative  heat  transfer  at  high  tempeiuiuic  becomes  important.  But  the  fcnipei aturc  gradients  are  so  important  that 
they  remt  in  predominant. 
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SUMMARY 

In  this  contribution  the  flow  field  resulting  from  a  countcrswirl  airblast  atomizer 
has  been  investigated  numerically  and  experimentally.  The  flow  pattern  shows  the  typical 
features  of  a  swirling  flow  with  an  inner  recirculation  zone.  Comparison  of  calculated 
results  with  experimental  data  shows  that  general  features  of  the  flow  can  be  predicted 
with  reasonable  accuracy. 

The  propagation  of  the  spray  downstream  from  the  atomize!  has  been  investigated 
theoretically  using  a  deterministic  flow  model  for  the  liquid  phase.  The  predictions 
demonstrate  the  influence  of  operating  conditions  on  the  spray  characteristics. 


1.  INTRODUCTION 

in  gas  turbine  combustion  chambers  airblast  nozzles  arc  often  used  fot  fuel  atomiza¬ 
tion,  because  they  produce  a  fine  spray  over  a  wide  range  of  operation.  This  requirement 
is  particularly  well  fulfilled  by  counterswirl  atomizers  /I /.  It  is  therefore  the  goal 
of  this  investigation  to  study  the  effects  of  swirl  on  the  flow  field  as  well  as  on  the 
dispersion  of  fuel  by  application  of  theoretical  as  well  as  oxper imental  methods.  Here 
wo  arc  cspeciajly  interested  in  the  evaluation  of  an  existing  computer  model  in  its 
ability  to  represent  the  rather  complex  features  of  the  flow  pattern  of  such  a  device. 

A  reverse  flaw  annular  combustor  with  a  countcrswirl  nozzle  is  shown  in  Fig.l,  /?./ . 
The  lower  part  snows  a  magnification  of  the  nozzle.  The  counterrotating  airstreams 
produce  a  mixing  layer  with  strong  shearing  forces,  that  efficiently  atomize  the  liquid 
film  into  a  fine  spray.  The  flow-field  of  the  combustor  is  strongly  dependent  on  the 
How  through  the  nozzle.  For  that  reason  the  calculations  arc  started  already  at  the 
entrance  of  the  swirl  channels.  Since  a  prescription  of  boundary  values  at  the  upstream 
boundary  of  the  computational  mesh  is  needed,  further  difficulties  are  introduced  by  the 
uncertainty OL  of  this  step  which  sic  uinussou  in  the  second  chapter. 

in  the  following  part  or  the  paper,  the  theoretical  basis  of  the  flow  models  are 
briefly  outlined  and  some  features  of  the  program  used  (CPTR)  are  highlighted.  During 
the  design  of  the  experiment ,  special  care  was  taken  to  reproduce  the  essential  proper¬ 
ties  of  an  airblast  atomizer  and  to  gain  optical  access  for  I. Da  measurements  at  the 
points  of  interest.  The  experiment  is  described  in  the  third  chapter.  The  results  of 
prediction  and  experiment  are  discussed  and  compared  in  th?  fourth  chapter.  Pressure  anu 
pressure  less  are  important  parameters  regarding  the  dispersion  of  fuel  in  the  com¬ 
bustion  chamber.  Measurements  cf  drops ize  distributions  arc  taken  as  the  starting  point 
of  the  two  phase  flow  calculations.  Their  results  arc  discussed  in  chapter  five. 


2.  THEORY 
Gas  phase 

The  turbulent  swirling  flow  is  assumed  to  be  stationary  and  ax i symmetric,  it  is  fully 
described  by  the  conservation  equations  for  mass  and  momentum.  Using  time  averaged 
quantities  and  the  standard  K-  t  -modal,  the  equations  are  closed  after  pi'C^c «.  lotion  of 
suitable  boundary  values. 

Block  profiles  are  used  as  inlet  conditions  for  velocity,  turbulence  energy  and 
dissipation.  The  influence  of  these  profiles  on  the  calculated  flow  field,  as  well  as 
the  geometry  of  the  swirler  are  discussed  in  the  next  chapter. 

Liquid  phase 

On  the  assumption  of  a  dilute  spray,  c.  without  droplet  interactions  the  equations 
of  table  1  are  valid.  The  relevant  forces  acting  on  a  drop  arc  the  aerodynamic  drag  for¬ 
ce.  the  centrifugal  force  and  the  Coriolis  force,  which  arc  in  balance  with  the  inertial 
force.  In  this  representation,  the  forces  are  normalized  with  the  droplet  mass,  thus 
loosing  their  dependence  on  droplet  diameter  with  the  exception  of  the  aerodynamic  drag 
force,  which  keeps  an  inverse  proportionality.  The  deterministic  droplet  trajectories 
are  defined  by  diameter  and  position  for  n  droplet  classes.  The  dropsize  distributions 
are  taken  from  measurement s  by  Cao  et  al.  /3/  made  with  the  Fraunhofer  diffraction 
particle  sizer  of  Kayser  /4 /.  In  this  instrument,  photomultipliers  are  used  as  detectors 
which  by  virtue  of  their  high  sensitivity  enable  "frozen"  measurements  of  the  particu¬ 
late  flow.  The  measurements  wore  evaluated  with  a  two -parameter  Rosin-Rammler  model  for 
the  dropsize  distribution.  Information  about  the  choice  of  initial  droplet  position  and 
momentum  is  given  in  chapter  five. 
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Nupturical  solution  procedure 

The  calculations  with  the  finite  volume  protji  an  are  made  usiny  the  Hybrid  /Si  and  the 
Quick  /Ci  discretization  scheme.  The  Hybrid  .scheme  uses  a  first  order  interpolation  for 
the  convective  terms,  whereas  the  Quick  scheme  uses  a  third  order  interpolation.  On  the 
assumption  of  the  validity  of  the  used  physical  model,  the  Quick  scheme  yields  gene¬ 
rally  a  Letter  agreement  of  prediction  with  measurement.  The  equations  for  the  pressure 
correction  arc  solved  using  the  pressure  implicit  operator  (PISO)  predictor  corrector 
technique  developed  by  Issa  /?/.  Local  relaxation  factors  (.re  calculated  with  the  method 
of  Neuberger  /6/.  The  TDMA  procedure  working  in  alternat-ng  directions  solves  the  resul¬ 
ting  system  ot  linear  equations. 

An  example  of  a  flow-field  prediction  for  a  rather  complex  geometry  is  depicted  in 
Fig.  2.  It  is  a  measuring  apparatus  for  the  determination  of  local  fuel  concentration  in 
the  chamber  /3/.  This  arrangement  is  explicitly  treated  in  the  fifth  chapter. 

The  fine  computational  mesh  typically  had  70  x  49  nodes.  To  verify  the  mcsh~-indcpcn- 
dence  of  the  computer  solutions,  the  mesh  was  further  refined.  More  details  of  the  CPTR 
program  are  given  in  reference  / 9/. 


3.  EXPERIMENT 

The  s enema tic  layout  of  the  experimental  facility  is  given  in  Fig.  3.  The  liquid  tra¬ 
cer  particles  with  a  diameter  of  less  than  a  micron  follow  the  flow  and  its  fluctuations 
sufficiently.  The  pressure  drop  of  the  nozzle  is  measured  against  atmospheric  pressure. 
Thanks  to  its  modular  structure,  the  model  allows  different  nozzles  to  be  built  in.  The 
combustion  chamber  wall  is  made  out  of  lucito,  thus  giving  unrestricted  optical  access. 

Velocities  are  measured  by  Laser-Doppler-Anemomct *-y  (LUA) .  A  commercial  four  beam  two 
color  LDA  (TSI  model  9100-7)  working  in  backscattor  is  used.  The  measurement  volume  has 
a  size  of  b3/m  rn  x  1  mm.  The  signals  are  frequency  shifted  and  downmixed  before  being 
evaluated  by  counter-  and  microcomputer.  The  s i jnal-to-noise  ratio  (SNR)  for  all  points 
shown  is  better  than  10  db,  with  2000  samples  taker  per  point  resulting  in  a  reproduc¬ 
ibility  of  better  than  10  %  for  rms  velocity  values.  The  counters  are  operated  in  the 
controlled  processor  mode,  thereby  the  time  between  samples  is  larger  than  10  times  the 
average  between  validated  data.  The  total  time  of  a  measurement  varied  between  50  sec 
and  3  min  according  to  tnc  flow  situation. 

In  the  current  setup  of  the  T.nA,  either  the  tangential  or  the  racial  velocity  compo¬ 
nents  are  measured  together  with  the  axial  component.  Ir.  the  first  case,  the  measurement 
points  are  on  the  axis  of  the  cylinder  parallel  to  the  optical  axis  of  the  instrument, 
in  the  second  case  on  the  axis  perpendicular  to  that,  thus  lying  on  the  sidelines  of  a 
90°  sector.  On  the  assumption  of  axial  symmetry  of  the  flow,  the  axial  velocity  compo¬ 
nent  has  the  same  value  on  both  measurements.  Since  there  are  6  swirlers,  the  verifica¬ 
tion  of  axial  symmetry  was  done  with  repeated  measurements,  performed  on  the  model  being 
rotated  15°  respectively  30°.  Those  points  are  specially  marked  in  the  plots  of  the 
velocity  profiles.  A  comment  about  the  influence  of  these  dimensional  effects  is  given 
in  the  next,  chapter. 

Model  nc?zlc 

Airblast  nozzles  actually  used  in  combustors  are  very  complex.  Hence  a  simplified 
version  of  the  nozzle  was  built,  incorporating  the  essential  features  of  the  actual 
atomizer.  Fig.  1,  above  all  two  separate  channels  producing  a  eountcrswir 1 i ng  air  stream. 
Another  important  part  is  the  nozzle  diffusor,  which,  during  the  present  stage  of  our 
investigation,  has  not  been  incorporated  because  of  optjeal  access  ability  at  the  ato¬ 
mizing  lip.  The  model  has  been  scaled  to  enhance  the  capability  of  the  LDA  to  resolve 
the  flow  field  with  the  desired  accuracy.  The  u:  o  of  straight  channel  walls  has  the 
twofold  advantage  of  gaining  optical  access  to  the  nozzle  itself  and  of  avoiding  uncer¬ 
tainties:  in  the  dir.crotizat ion.  of  the  governing  equations. 

The  outlet  of  the  model  combustor  is  radial  to  establish  a  well  defined  downstream 
boundary  without  reverse  flow.  In  Fig.  4  the  model  nozzle  is  depicted  with  its  main 
dimensions.  The  ratio  of  primary  to  secondary  air  is  1  over  2.25,  a  value  comparable  to 
those  actually  used.  As  a  consequence  of  upscaling,  the  mass  flow  is  augmented  to  3 
level,  where  the  velocities  ft  the  atomizing  'jp  reach  values,  that  are  commonly  f.cen  in 
airblast  atomizers.  With  this  concept,  the  influence  of  owfrl  on  the  flow  pattei n  ia 
investigated  at  first  numerically. 


4.  RESULTS  AND  DISCUSSION 
Flow  patterns 

The  choice  of  inlet  conditions  at  the  exit  of  the  swirlers  has  strongly  influences  on 
t.he  flow  field,  especially  the  prescribed  level  of  the  tangential  velocity  conipc  -nts. 

Its  velocity  profile  on  the  inlet  cross  section  of  the  sw-rlers  3hown  in  Fig.  ba  s  not 
known.  Their  configuration  was  taken  from  the  nozzle  of  Fig.  1.  Note  that  there  are 
sharp  turns  in  the  flow  path  from  the  plenum  through  the  swirler.  That  will  force  the 
flow  to  separate  and  to  modify  the  swirler  outlet  profile.  That  is  taken  into  account  in 
the  computation  by  the  reduction  of  the  effective  swirler  outlet  cross  section,  thereby 
increasing  the  swirl  intensity.  A  30  %  blockage  has  been  observed  experimentally  in 

such  conf igurat ions  /ID/. 

The  influence  of  this  partial  blockage  of  both  swirl  channels  is  demonstrated  in  Fig.  6 
Without  blockage  no  central  recirculation  is  observed.  Fig.  6a.  Increased  inlet 
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blockage,  i.o.  augmentation  of  swirl  intensity  produces  an  inner  recirculat ion  zone,  as 
can  be  seen  in  Fig.  6b,  that  is  getting  stronger  and  finally  with  60  %  inlet  blockage 
impresses  the  corner  vortex  (Fig.  6c).  Inlet  boundary  values  were  i.ot  adjusted  with 
respect  to  a  comparison  between  measurement  and  eal culat ion .  The  flow  obur-jved  in  the 
experiment  has  a  corner  vortex  and  an  inner  recirculation  zone  and  corresponds 
qualitatively  with  t.he  flow  in  Fig.  6b,  that  is  compared  with  the  experimental  data. 

Comparison  of  prediction  with  measurement 

The  measurements  show  the  typical  features  of  a  swirling  flow.  The  three  velocity 
components  are  measured  on  three  cross  sections,  the  first  being  2  mm  downstream  of  the 
atomizing  lip.  In  Fig.  “1  a  weak  reverse  flow  can  be  seen  on  the  axis  at  that  height. 

For  the  inner  as  well  as  the  outer  stream,  the  maxima  of  the  axial  velocity  component 
arc  found  in  the  vicinity  of  the  atomizing  lip.  The  wake  flow  profile  observed  at  z  =  2 
mm  is  lost  at  z  «  19  mm  (plane  II),  Fig.  7 1 1 .  The  maximum  of  the  axial  velocity 
component,  moves  out  and  flattens  on  its  way  downstream.  Fig.  7JII. 

Profiles  of  the  tangential  velocity  component  from  three  measuring  planes  arc  shown 
in  Fig.  8.  The  development  of  the  flow  shows  a  unidirectional  swirl  at  z  *  19  mm.  The 
last  part  of  figure  8  shews  an  already  strongly  equalized  profile  of  the  tangential 
velocity  component.  But  there  are  also  three-dimensional  effects  showing  tip  of  the 
measurements,  on  the  profile  of  the  axial  as  well  as  tangential  velocity  component. 

As  was  already  mentioned  above,  measurements  have  been  repeated  at  different  circum¬ 
ferential  positions.  Comparison  of  the  general  reproducibility  of  the  measurements  with 
the  considerable  diff?rerces  between  some  points  above  the  second; ry  channel  leads  to 
t.hc  conclusion,  that  departures  from  axial  symmetry  start  in  the  secondary  air  channel 
(see  Fig.  Si.  An  explanation  for  those  irregularities  given  by  Robaek  and  Johnson  / 1 1 / 
ascribes  this  to  wake  effects  from  the  swirlers. 

Calculations  have  been  performed  with  the  Hybrid  (-)  and  the  Ouick  scheme. 

There  were  but  minor  differences  in  the  solutions.  The  width  of  the  inner  recirculation 
zon''  as  well  as  the  corner  vortex  arc  again  correctly  calculated.  The  reversal  of  the 
swirl  direction  is  predicted  further  downstream  than  shown  by  the  measurements.  The 
profiles  of  tnc-  velocity  components  at  the  last  measurement  piano  are  again  well 
represented. 

The  t iscrepancies  in  the  results  can  he  explained  by  the  combined  influence  of  the 
uncertainties  of  the  K-  (  -  model  in  swirling  flows  especially  with  counter pwi rl ,  uncer¬ 
tainties  in  th«  choice  of  inlet  conditions  and  three-dimensional  effects  in  the  flow,  on 
top  of  that  there  arc  the  above  mentioned  uncertainties  of  LnA  measurements  in  highly 
turbulent  flows.  Hearing  in  mind  the  complex  nature  of  the  flow,  this  comparison  shows, 
that  it.  is  indeed  possible  tc  predict  fairly  well  the  flow  pattern  through  a 
cojr.tc r«;wi rl  nozzle  into  a  tubular  combustor.  That  is  the  prerequisite  for  two-phase 
flow  calculations,  that  superpose  chr  movement  of  the  droplets  onto  the  gaseous  flow. 


It,  F.5.SU vYS  OF  THR  TWO-PHASE  PLOW  CALCULATIONS 
Flow  Field 

Tnc  spray  characteristics  ol  the  nozzle  *n  Fin.  1,  are  the  major  issue  of  this 
chapter.  They  have  been  studied  numerically,  its  flow  field  is  represented  by  the 
streamline  plot  an  Fig.  9a.  On  the  magnified  part,  n  vector  plot  shows  the  velocity 
field.  The  stiOoiu  separates  quickly  into  a  part  following  the  wMls  of  the  chamber  and 
in  the  inner  recirculation  zone  reaching  into  the  nozzle  because  of  the  high  expansion 
ratio  and  the  strong  swirl  to  which  it.  is  subjected.  The  well  developed  velocity 
profiles  at  the  entrance  of  the  chamber  (see  Fig.  10)  underline  the  necejsity  to  start 
the  calculation  already  at  the  entrance  of  the  swirl  channels.  In  the  course  of  the 
investigations  of  this  nozzle,  Cao  et  al.  /3 /  also  performed  measurements  of  the  local 
feel  concentration  in  the  chamber  with  a  sampling  bin.  it  is  movable  in  the  axial 
direction.  The  sampled  fluid 

weighted  and  the  mass  flow  was  determined  as  a  function  of  bin  position.  The  calculation 
of  the  flow  field  with  the  sampling  device  at  a  fixed  axiil  position  showed  that  the 
tlow  within  the  nozzle  is  only  ir.ctig inal ly  influenced.  Hence  the  atomization  process 
remains  unchanged.  The  flow  in  the  chamber  shows  a  different  situation.  The  air  is 
sucked  into  the  bin  by  the  openings  of  the  sampling  device  ana  flows  out  through  the 
fronted  opening.  In  spite  of  the  considerable  perturbation  of  the  flow  pattern,  the 
spray  characteristics  of  the  nozzle  have  not  changed  much. 

Droplet  trajectories 

The  dispersion  oi  the  sj  'ay  .i«  characterized  by  droplet  trajectories  (see  Fig.  11). 
The  spray  is  approximated  L/  15  size  classes  at  three  initin^  positions.  On  Fig.  11,  rhe 
diameter  varies  between  10/Mm  and  220/Mm.  The  drops  are  started  at  the  atomizing  lip 
with  a  negligible  initial  momentum.  Tnc  calculations  show  a  great  sensitivity  of  the 
spray  dispersion  on  the  initial  position.  The  reasons  can  be  found  in  the  different 
acceleration  rates  of  the  droplets  in  the  region  of  steep  velocity  gradients.  The 
numerical  predictions  show,  that  the  spray  dispersion  can  be  represented  with  a  droplet 
sample  initially  distributed  over  one  quarter  height  of  the  primary  channel  as  can  be 
seen  in  Fig ,  11. 

Spray  characteristics 

The  pressure  and  the  pressure  loss  influence  the  atomization  quality  by  the  changes 
in  shearing  stresses.  Increasing  shear  acting  on  the  liquid  til,.*  produces  a  finer  spray. 
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Smaller  diops  will  follow  the  flow  nunc  easily  than  the  bigger  ones,  that  will  follow 
their  initial  direction  with  only  minor  changes. 

Figure  IT  shows  what  happens,  if  the  chamber  pressure  is  increased  iron*  1  bat 
(Fig.  12a)  to  2  bar  trig.  12b)  and  4  bar  (Pig.  12c).  The  relative  pressure  drop  was  held 
constant  and  with  that  Hie  velocities  at  the  atomizing  lip.  Further  data  arc  listed  on 
table  2.  From  the  above  discussion  it  is  clear,  that  the  droplet  trajector ics  aie 
stronger  deflected  with  increasing  pressure  and  thus  reach  the  wall  earlier-. 

Trajectorios  on  Pig.  13  arc  calculated  lor  a  pressure  of  2  bar  and  demonstrate  the 
influence  of  pressure  loss  on  spray  dispersion  f(i  Km  in  fig.  1  ja  and  3  Fl'a  in  Fig.  1  3  h) 
The  clear  difference  in  spray  dispersion  can  be  explained  by  tire  generation  of  a  finer 
spray  with  a  higher  pressure  loss,  getting  to  the  wall  faster. 


6.  CONCLUSIONS 

By  comparison  with  experimental  data  it  has  been  demonstrated,  that  the  complex  flow- 
field  developing  in  countorswirl  aitblast  atomizers  can  be  predicted  with  reasonable 
accuracy.  The  quality  of  the  numerical  code  lias  been  shown.  However',  additional  work 
remains  to  be  done  with  respect  to  the  rxpei intents  ar  well  as  concerning  the  physical 
model  ot  turbulent  transport  of  particles.  Special  attention  will  be  given  to  the 
initial  conditions  at  the  swirlcr  outlet  and  to  threedimensiona lity  of  the  flow. 
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NASA-CR-1G8252,  1983 
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(A)  Reverse-Plow  Annular  Combustor 
<B)  Actual  Counter-Swirl  Atomizer  Design 


(A)  Pressure  Vessel  for  fuel  Distribution  Measurement 
B  Streamlines:  Combustion  Cliamber  with  fuel  Sampling  Bin 
(C)  Enlarged  nozzle 


r  1  n .  3  a:  Identification  of  humbered 
Items  In  Figure  3 

1  Plenum  and  Model  Nozzle 

2  Combustion  Chamber 

3  Radial  Outlet 

k  Blower 

3  Critical  Nozzle 

6  Absolute  Pressure  Manometer 

7-  [inferential  Pressure 

Nanometer 

3  DFVLR  Particle  Generator 

9  Traversing  Gear 

10  LDA 


i 0 .  3:  Schematic  Representation  of  the  Experiment 


Fig.  A:  Model  Nozzle 
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DISCUSSION 


SX'andcl,  FR 

I  did  no!  quite  understand  how  the  blockage  develops  and  how  it  affects  the  flow  pattern.  Could  you  provide  some  further 
comments  on  these  two  aspects. 

Author  s  Reply 

We  don’t  know  the  shape  of  the  velocity  profiles  at  the  swirlcr  outlet,  therefore  block  profiles  arc  used.  We  assume  that 
sharp  turns  in  the  flow  path  from  the  plenum  through  the  swirlcr  will  force  the  flow  to  separate  and  to  modify  the  swirlcr 
outlet  profiles. 

This  is  taken  into  account  in  the  computation  by  a  reduction  of  the  geometric  swirlcr  outlet  cross  section,  that  is  to  say.  by  a 
partial  blockage  of  the  swirlcr  outlets. 

This  blockage  affects  the  flow  pattern  in  the  chamber  by  an  increase  in  swirl  intensity. 


J.McUuirk,  UK 

Just  a  further  comment  on  this  issue  of  blockage  In  working  swirlers  at  Imperial  College,  we  have  noticed  similar 
problems  and  effects,  which  arc  made  even  worse  and  more  difficult  to  handle  numerically  due  to  circumferential 
variance  in  gap  widths  between  the  vanes. 

Author's  Reply 

Thank  you  for  this  comment,  Mr  MeGuirk.  We  hope  to  get  some  mnu*  insight  into  this  subject  by  LDA  measurements  of 
the  swirier  outlet  profiles. 

We  will  repeat  these  measurements  at  different  circumferential  positions  and  then  start  a  three  dimensional  flow  held 
calculation  to  study  the  influence  of  these  three  dimensional  profiles  on  the  axisymmetric  flow  in  the  chamber. 
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THE  BEHAVIOUR  OF  SYNTHETIC  FUELS  IN  A  SMALL 
TRANSPARENT  COMBUSTOR 

by 

J.  Odyers  &  D.  Krctscluner 
DGpartement  du  GCnic  M^can.lque 
UniversitG  Laval 
Quebec,  QC  Canada  G1K  7P4 


Sumo ary 

In  a  continuing  programme  on  the  effects  of  fuel  properties  on  combustion,  some  2o  pint:  hydrocarbons 
and  synthesized  fuels  were  tested  at  atmospheric  conditions  In  a  small  transparent  coirbustor.  This 
combustor  used  a  very  effective  air  assist,  atomizer,  such  that  droplet  size  was  nearly  constant.  Each  fuel 
was  burned  ever  a  range  of  air/fuel  ratios,  and  at  each  condition^  a  full  exhaust  gas  analysis  was  done, 
exhau3t  temperature  distribution  wa3  measured,  as  also  flame  radiation  and  weak  extinction.  The  results  and 
their  implications  arc  discussed. 

1.  INTRODUCTION 

Over  tne  past  several  years  a  large  number  of  combustion  tests  have  been  conducted  using  fuels  derived 
from  Tar  Sand  deposits.  Oil  Shales,  and  Coal  and  within  several  different  combustion  systems.  The  re.'.ults 
obtained  from  this  work  have  been  very  useful  In  determining  the  kind3  of  problems  likely  to  occur  when 
using  auch  fuels,  and  they  Indicate  that  many  of  the  changes  observed  during  combustion  can  be  defined 
largely  in  terms  of  the  liquid  droplet  dlamete^  and/or  the  fuel  hydi  .*gen  content.  However,  certain  workers 
in  the  field  have  expressed  doubts  that  the  droplet  size  character istics  and  hydrogen  will  yield  the 
prediction  accuracy  necessary  for  some  purposes  (e.g.  the  degree  of  pollution  at  high  combustion 
efficiencies),  and  there  have  been  observations  that  other  properties  involving  furl  composition  and 
structure  night  well  have  important  secondary  effects  in  defining  the  combustion  behaviour  as  a  wnol  ■  and, 
In  particular,  ltem3  such  a3  carbon  formation  and  flame  extinction.  Thu  complex  nature  of  real  fueis  makes 
It  very  difficult  to  decide  which  components  are  responsible  for  the  observed  behaviour:  for  instance,  the 
possible  effects  of  the  various  aromatic  compounds  in  tne  fuel  have  been  argued  unsuccessfully  for  some 
considerable  time. 

The  present  experiments  arc  part  or  a  large  programme  designed  to  obviate  the  nature  of  supposition 
in  determining  effects  duo  to  fuel  composition.  In  brief,  3omc  20  different  hydrocarbon  compounds  have  bem 
tested  In  a  small  combust  inn  chamfer  at  the  same  operating  conditions.  A  synthetic  fuel  was  created  uf 
mixing  five  paraffins  so  as  to  emulate  the  major*  physical  characteristic#  of  a  JP-H  type  fuel.  To  thi3 
"Base  Fuel*  one  or  more  of  the  other  hydrocarbons  was  added,  and  the  operating  conditions  were  repeated. 
Hence  It  was  easy  to  observe  any  change  In  combustion  behaviour  due  to  the  additional  components ) .  The 
tests  described  here  utilised  a  small  transparent  ccmbuatcr  employing  a  very  effective  air-blast  atomizer 
such  that,  the  droplet  slje  changed  very  little  rrom  fuel  to  fuel  (SMD  range  about  t h  to  17  um).  Thus,  In 
the  present  series,  any  effects  due  to  droplet  :  ize  virtually  could  be  eliminated.  The  effects  of  droplet 
size  have  been  studied  in  some  detail  in  another  set  of  experiments  carried  out  using  a  small  combustor 
having  a  Simplex  atomizer  and  reported  In  [i]. 

2.  COMBUSTOR  AND  TEST  RIO 

A  Schematic  of  the  combustor 
and  Its  major  dimensions  Is  given 
in  Flg.l,  Full  details  of  its 

u««clu|jOuiciib  Love  been  published 
elsewhere  [2).  The  test  rig  runs 
at  atmospheric  pressure:  it  is 
fully  Instrumented  for  air  and 
fuel  flow,  inlet  air  and  fuel 
temperatures,  outlet  temperature 
distribution,  full  gas  analysis 
to  EP1  standards  or  better  (CO, 

C0lp  HC ,  0 2 ,  NO,  NOx),  exhaust 
carbon  by  Smoke  Number  method, 
flame  radiation  within  the 
primary  zone,  and  additionally, 
the  transparent  nature  of  the 
combustor  enabled  visual 
observations  of  the  flame  to  be 
made . 


N»t  U  »c«'e  -  tfimenjieM  I*  mm 

Fig.  1  SCHEMATIC  OF  TRANSPARENT  COMBUSTOR 


41-2 


JP-4  i 3  a  typical  aircraft  ga3  turbine  fuel,  and  the  comDu3ior  was  developed  lining  this  fuel.  No 
attempt.  was  made  to  optimize  t.lie  performance,  the  chamber  being  consldeied  as  satisfactory  when  it  yielded 
stable  combustion  over  the  range  of  test  conditions  and  with  a  combustion  efficiency  of  approximately 
90  *.  T  ?  attain  thin  it  was  necessary  to  operate*  the  combusto’*  at  a  casing  Mach  number  somewhat  less  Liiau 
the  design  value.  The  reason  for  this  is  attributed  to  the  Incompatibility  of  reaction  scaling  and 

aerodynamic  scaling.  For  most  large  combustors  It  is  the  aerodynamic  demands  (particularly  pressure  loss) 
rhich  define  the  size  of  the  combu3tor,  and  usually  there  Is  an  excess  of  reaction  time,  but  as  the 
Combustor  decreases  in  size  the  control  of  combustion  efficiency  switches  to  reaction  rate,  due  to  the 
decreased  residence  time.  For  a  given  Inlet  temperature,  aerodynamic  control  uses  m/p*p  for  the  scaling 
group;  for  reaction  control  the  group  is  m/D^pn.  It  was  found  that  at  aimospneric  pressure  the  latter 
group  controlled,  and  It  became  necessary  to  operate  with  a  decreased  Mach  number  in  order  to  attain  od 
stability  and  accepts!'©  values  of  combustion  efficiency.  The  droplet  size  of  the  fuels  was  of  the  order 
of  *5  pm,  so  that  this  was  not  considered  to  be  a  largo  factor  in  determining  the  combustion  efficiency. 

3-  FUELS  AWD  THEIR  PROPERTIES 

The  use  of  JP-*J  for  development  was  acceptable,  but  the  complexity  and  variability  of  its 

composition  did  not  recommend  it  as  a  suitable  standard.  Consequent  ly ,  an  was  pt\."V  to  synthesize  a 

Base  Fuel  (BF)  from  a  mixt'-**e  of  paraffins  sue'  that  the  now  fuel  had  approx lmately  tue  same  major 
physical  properties  as  JP-4.  Consideration  of  availability  and  economics  led  to  the  following  paraffin 

mixture;  lexanes  lOJt,  heptane  20%,  iao-oc'-ane  50*,  decane  10J,  and  dodecane  1 0 %  by  volume.  A  comparison 

of  the  two  fuels  la  given  in  Table  I. 


Although  there  are  obvious  differences  Table  I 

between  the  two  fuels,  it  was  decided  that 


they  were  sufficiently  similar  for  the  Base 
Fuel  (Ho.  4i)  Vo  bo  acceptable  as  Lhe  new 

Property 

Units 

JP-n 

Base  Fuel 

standard  for  test  comparison.  Table  11  lists 

Molar  Mass 

kg/mol 

0,115 

0,114 

tne  iuel  compositions  used  for  the  present 

Hydrogen 

*  by  mass 

14,3 

15.9 

experiments,  and  Tabic  III  gives  the  range 
of  major  properties.  It  ia  considered  that 

Bens Ity  at  288  K 
Distillation  ASTM  D-86 

kg/m* 

775 

703 

the  range  of  properties  covers  more  than  the 

Initial  Bui.ing  Poir.t 

X 

385 

360 

variations  that  are  observed  (or  anticipated) 

10*  distilled 

K 

4  00 

36  << 

for  alternative  fuels  for  aircraft  derived 

50*  dis* llled 

K 

429 

373 

from  coal,  oil  shales,  or  tar  sands.  It  would 

90*  distilled 

K 

465 

465 

have  been  nice  to  have  included  2-  or  3-  ring 

Final  Bolling  Feint 

K 

499 

477 

aromatic  compounds,  but  these  did  not  seem  to 

Viscosity  at  303  K 

0, 

o.6y 

he  available  at  an  economic  price. 

Surface  Tension  at  298  K 

dyn/cn 

?3,0 

19,6 

4.  TESTS  WITH  BASE  FUEL 


In  order  to  establish  the  test  repeatability  and  reproducibi 1 Itv,  two  i  ost  series  were  done  using  the 
Base  Fuel.  These  wer-?  performed  at  the  beginning  and  end  of  the  tests  on  fuels  42  to  6j  Indus!  te 
(excluding  51  A  52).  The  results  are  given  in  Table  IV  and  Fig.  2  which  Illustrate  respectively  the 
repeatability  and  rcproducibl 1 Ity . 

Normally  six  readings  were  taken  for  each  experiment.  Scans  1  J  2  were  ignored,  and  a  mean  value  was 
used  based  upon  the  remaining  four  scans.  MO  and  NOx  were  recorded  alternately  (i.e.  three  readings  each), 
and  usually  the  mean  of  the  last  two  readings  was  used.  The  exhaust  temperature  (T„)  shown  in  Table  IV  is 
Just  a  sample  reading,  but  it  exhibits  typical  variations  for  any  single  point.  Temperatures  were  averaged 
in  the  same  way  as  the  compositions ,  It  is  considered  that  the  repnatabi lity  of  tht  data  is  quite 
satisfactory . 

The  reproduci bi 1 ity  is  given  In  curve  form  in  Fig.  .J ,  and  once  again  the  results  are  considered  to  be 
very  satisfactory .  Approx lmately  six  months  elapsed  between  the  two  tests.  The  s^me  experimental  technique 
was  applied  for  all  subsequent  tests.  An  Interesting  feature  is  the  form  of  the  combustion  efficiency 
curve,  A  tentative  explanation  was  given  in  [2].  Further  considerations  suggest  an  alternative  (and  more 
likely)  explanation.  The  weakness  of  the  first  explanation  lay  in  the  asumption  that  the  effect  was  at 
lea3t  partially  caused  by  changes  In  droplet  size.  Examination  of  all  the  operating  conditions  for  all  of 
the  fuels  suggests  that  the  droplet  size  varied  only  from  it, 6  to  16, 7  pm.  These  diameters  are  very  close 
to  those  for  which  the  air/fuel  mixture  will  burn  as  thought  it  was  a  vapour  [3],  and  this  would  negate 
some  of  tne  arguments  put  forward  in  [2].  An  alternative  explanation  based  upon  the  flame  observations  is 
offered  here.  The  combustor  is  cylindrical  in  shape,  with  a  reaction  zone  (primary)  largely  generated  by 
the  centrally  located  shrouded  primary  baffle  plus  secondary  effects  due  to  the  penetration  of  the  air 
which  is  introduced  annularly  at  the  end  of  the  zone.  Observations  of  tho  transition  from  weak  to  rich 
mixtures  (within  the  reaction  zone)  showed  the  following  effects  (especially  observable* with  the  yellow 
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Fuel  Compositions 


Range  of  Fuel  Properties 


Pure 

Fuels 

Property 

Symbol 

Units 

mini  mum 

maximum 

No 

Tyre 

No 

Type 

Molar  Mass 

M 

kg'  mol 

0,078 

0,170 

1 

JP-4 

??. 

t -any 1  benzene 

Hydrogen  Pontent 

III 

X  mass 

7,69 

16.28 

?.u 

butylbenzene 

25 

cyclohexane 

Density  at  288  K 

0 

kg/m1 

679 

1022 

26 

cyclohexene 

27 

decalin 

Calorific  Value  (net) 

qn 

MJ/  kg 

40, 1  4 

44,74 

28 

decane 

30 

d 1 cyclopentadiene 

Distillation  ASTM  D-86 

3» 

do<u_cane 

32 

heptane 

Initial  Boiling  Point 

IBP 

K 

317 

478 

33 

iso-hexanes 

3'* 

methylcyclohexane 

5%  distilled 

Ts 

K 

338 

480 

35 

loo-octane 

36 

octene-1 

10X  distilled 

T.o 

T 

30 

T 

So 

T70 

K 

338 

481 

37 

i sopropy 1 bon  zen  e 

38 

tetral In 

301  distilled 

K 

339 

4  82 

39 

toluene 

no 

o-xylene 

50X  distilled 

K 

339 

612 

112 

JP-10 

114 

RJ-6 

70X  distilled 

K 

339 

538 

90X  distilled 

T‘)0 

FBP 

K 

341 

5  39 

Mixed 

Fuels 

Final  Boiling  Point 

K 

355 

560 

No 

Conpos 

1 1  ion 

41 

28(10) 

310C) 

*3 

23(10) 

41(60) 

44 

23(20) 

41(50) 

45 

2300) 

41(90) 

46 

23(25) 

41(75) 

47 

23(40) 

41(60) 

48 

36(25: 

41(75) 

49 

30(12, ‘ 

I)  36(1; 

50 

30(25) 

41(75) 

53 

38(25) 

41(76) 

54 

27(25) 

41(75) 

55 

25(25) 

41(75) 

56 

26(25) 

41(75) 

57 

25(25) 

26(25) 

68 

39(25) 

41(75) 

59 

35(25) 

41(75) 

60 

24(25) 

41(75) 

6! 

34(25) 

41(75) 

62 

40(25) 

41(75) 

63 

22(25) 

41(75) 

Volume  average 
Flash  Point 
Smoke  Point 

Surface  Tension  at  298  K 
F  tirachor 

Viscosity  at  298  K 
SM[> 

Saturation  Factor 


o  dyn/cn  .8,6 
[P]  (cgs)  220 
v  cSt  0,63 


I  “•  T  r,J7 - '  r  *-*-]  A/hC 

!  .,.VTh£ ^‘.1  ;  “fry, 

r— -  =  j1  iNO,  .  3  flHCU 

'"‘te--  •'°,hDl 

.  ,  -HO, 


*9cr~*~ 

,(«4  * 


Scan 

co2 

CO 

HC 

NOx 

NO 

0, 

T% 

X 

X 

ppm 

ppm 

ppm 

X 

K 

> 

t 

1 

4,56 

0,432 

4  2 

16 

- 

18,9 

578 

2 

4,26 

0,351 

44 

- 

1  1 

18,9 

578 

3 

4,2  2 

0,344 

4U 

13 

- 

18,9 

581 

* 

4 

4,21 

0.339 

44 

- 

:n 

i.a  o 

579 

j 

5 

4,20 

0.337 

39 

13 

- 

19,0 

582 

t 

6 

4.21 

0,342 

39 

- 

9 

10.9 

503 

N,y.  Numbers  In  brackets  are  x  by  volume. 


Table  IV 

Repeatability  of  Tests 


m  -  rr-  rr  Kh— ■  »  o  D - -  ■  - - - —  ■  —  n 

tiii'  T— I— r-, - r-r— 1  H—I  R 

I  ^,r.-»  .  g  kWAnJ 

1  4,56  0,432  42  !6  -  18.9  578  I  — <-***,  .  6 

2  4,26  0,351  44  -  1  1  18,9  578  |  -4 

3  4,22  0,344  44  13  -  18,9  5B1  •  '  2 

4  4,21  0.339  44  -  :p  'S.o  579  ,_‘0i,  ' “1_'0  ,  '  '  '  'q.j.  0 

5  4.20  0.337  39  13  -  19,0  582 

6  4.21  0,342  39  -  9  10.9  583  Fl8-  ?  “MBUSTION  CHARACTERISTICS  AN0 

REPROPUCIBILITT  OK  TEST  RESULTS 
base  Fuel  (41 ) 

flame  produced  by  aromatic  Tuels  such  as  benzene): 

a)  f.t  weak  conditions  ^0vert}n  S  0,1)  combustion  appeared  to  be  limited  to  a  region  bounded  by  the 
wall  of  the  baffle  and  within  the  recirculation  zone  downstream  of  the  baffle,  but  still  within  the 
boundary  of  the  shroud. 

D)  As  the  mixture  ricliened  (0.1  s  *ovorflji  *  0,2),  the  shroud  of  the  baffle  became  dull  red,  and  the 
flame  began  to  assume  a  yellow  colour  and  to  burn  downstream  of  the  recirculation  zone. 

c)  Further  richening  produced  bright  red  heat  at  the  shroud,  and  the  flame  appeared  to  occupy  the  whole 
of  the  reaction  zone  and  to  penetrate  well  into  the  secondary  zone. 


•/  £'-j 
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Based  upon  thrse  observations,  and  ignoring  any  droplet  effects,  the  combustion  efficiency 
characteristics  may  be  explained  in  the  following  manner  - 

I)  At  the  weak  conditions  Lite  reaction  zone  is  burning  at  *  <  1,  and  hence  the  flame  13  within  an  oxygen 
rich  region,  and  due  t.o  the  intimate  mixing  of  fine  droplets  and  air,  the  reaction  rate  is  sufficiently 
high  so  as  to  yield  a  high  overall  efficiency.  However,  any  unburned  fuel  leaving  the  reaction  zone  13 
quenched  in  the  secondary  zone  and  appears  as  exhaust  hydrocarbons , 

II)  As  the  mixture  richen3,  the  baffle  recirculation  zone  becomes  overloaded  a"d  burns  inefficiently.  At 
tills  stage  the  furl /temperature  combination  In  the  secondary  i;one  Is  still  Insufficient  to  burn  the  excess 
fuel,  and  the  efficiency  decreases  at  tuc  combustor  outlet. 

1  i  1 )  Further  riehchlng  pushes  more  fuel  Into  the  secondary  zone,  but  at  the  same  time,  the  temperature  is 
increased  such  that  the  fuel  continues  to  burn  downstream  of  the  main  reaction  zone,  thereby  augmenting 
the  overall  efficiency. 

The  net  result  of  all  this  is  to  yield  a  curve  of  efficiency  such  as  that  illustrated  In  Fig.  2.  Tne 
unburnl  components,  hydrocarbons  and  carbon  monoxide,  reflect  this  behaviour  in  the  form  of  their 
respective  curves,  as  also  the  oxides  of  nitrogen  and  flame  radiation. 

5.  TESTS  WITH  OTHER  FUELS 

Space  restrictions  do  not  permit  the  exper 1  mental  data  to  be  quoted,  neither  tabularized  nor  in  the 
form  of  curves  3uch  as  Fig.  2.  However,  the  form  of  the  curves  for  all  the  fuels  examined  was  very  similar 
to  those  of  Fig.  2,  only  the  levels  of  the  curves  differed.  There  were  acme  differences  in  »'isual 
observations.  The  transparent  blue  flames  were  yielded  by  paraffin  type  fuels,  and  the  opaque  yellow 
flames  by  the  aromatics,  as  In  accord  with  flame  observations  elsewhere.  All  the  flames,  regardless  of 
colour,  exhibited  the  hoi  baffle  phenomena  described  above, 

5.1  Ignition  Observations 

At  the  conditions  of  test,  all  fuels  ignited  easily  arq,  apparently,  they  ignited  outside  their 
burning  limits,  the  flame  being  stabilized  by  the  energy  release  from  the  plug,  In  these  cases,  when  the 
plug  was  extinguished,  so  was  the  flame.  This  suggests  that  the  ignition  system  i3  so  (relatively) 
powerful  that  it  Is  not  a  limiting  feature  with  a  system  such  as  this,  which  behaves  as  though  It  were 
premixed,  but,  unfortunately,  It  also  means  that  the  reulis  are  not  correctable  In  any  way. 

5.2  Combustion  efficiency 

For  premixed  combustion,  there  la  a  widespread  assumption  that  the  chemical  nature  of  the  fuel  has 
little  effect  on  the  rate  of  combustion.  Briefly,  this  hypothesis  assumes  that  the  hydrocarbon  very 
rapidly  breaks  down  Into  hydrogen  and  carhon  monoxide.  Because  of  its  great  reactivity,  the  hydrogen  burns 
almost  as  fast  as  It  Is  formed,  and  as  a  result  of  this,  throughout  the  reaction  period  the  hydrogen 
concentration  Is  always  low.  Since  the  rate  of  destruction  of  carbon  monoxide  Is  slower’  than  the  rare  cf 
formation.  It  builds  up  in  concentration  until  all  the  hydrocarbon  has  been  destroyed.  This  constitutes 
the  so-called  first  stage  of  the  process.  The  second,  and  final,  stage  is  the  combustion  of  the  relatively 
slow-burning  carbon  monoxide.  It  may  be  assumed  that  this  latter  stage  governs  the  overall  rate  of  the 
process.  If  the  stoichiometry  of  the  various  hydrooarbo.Vair  mixtures  Is  examined  In  this  light  then  it 
will  be  remarked  (a)  that  the  relative  amounts  of  cai’bon  monoxide  formed  are  little  different  for  a  very 
wide  range  of  hydrocarbons  and  (b)  that  the  reaction  temperatures  are  generally  similar  (for  miny 
hydrocarbons  t  1,5  J).  For  these  reasons  it  Is  often  presumed  that  the  reaction  rates  of  most  premlxed 
hydrocarbon  flames  will  be  very  similar.  The  two-stage  premise  has  been  assumed  for  a  number  of  reaction 
rate  models  to  describe  combustion  since  the  kinetics  of  the  CO/H/U  system  are  claimed  to  be  known  with 
fair  accuracy,  whereas  tne  hydrocarbon  breakdown  is  complex  (and  rapid)  as  to  be  almost  unmanageable. 

If  the  two-stage  theory  really  13  applicable,  then  it  would  be  expected  that  flame  speeds  and 
combustion  efficiencies  of  hydrocarbons  would  be  relatively  Insensible  to  fuel  changes.  The  flame  3peeds 
of  various  hydrocarbon/alr  mixtures  are  In  fair  accord  with  the  above  suppositions,  especially  when  the 
fuels  are  saturated  or  have  a  long  chain.  It  should  be  noted  that  tlu  two-stage  hypothesis  only  applies  to 
major  species  and  that  It  is  quite  possible  that  minor  and  transitory  species  may  bo  more  sensitive  to 
fuel  varieilon  (e.g.  aldehydes,  ketones,  earoon  etc.). 

Fron  what  has  been  said  above,  it  would  be  reasonable  to  presume  that  since  the  present  system  is 
thought  tc  approximate  to  a  pro  ixed  system,  then  there  would  be  little  difference  between  the  various 
fuels  with  respect  to  combustion  efficiency  characteristics,  as  previously  noted,  the  curves  are  similar 
In  form,  but  the  levels  differ. 


Figure  3  plots  the  variation,  of  combustion  efficiency  versus  the  average  boiling  points  of  the  fuels 


415 


for  an  overall  equivalence  ratio  of  <t  -  0,1. 
There  is  obviously  a  trend,  but  whether  It  Is 
solely  due  to  boiling  point  (volatility)  or' 
whether  there  is/are  some  other  factor(s),  which 
may  be  a  function  of  the  boiling  point.  Is  a  mute 
point.  Similar  curves  were  obtained  for  other 
equivalence  ratios  (0,2  &  0,3).  In  an  attempt  to 
shed  light  on  the  role  of  boiling  point.  Figs,  ij, 
5,  &  6  were  constructed.  They  show  the  variation 
of  combustion  efficiency  with  equivalence  ratio 
for  a  number  of  fuels  of  similar  boiling  points 
but  with  quite  different  hydrogen  contents.  These 
results  strongly  suggest  that  the  major  influence 
upon  efficiency  Is  truly  one  of  belling  point. 
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Fig.  6  COMBUSTION  efficiencies  of 
"CONSTANT”  BOILING  MIXTURES 

Further  confirmation  is  provided  by  the  data 
In  Fig.  7  which  plots  the  combustion  efficiency 
versus  the  ratio  Of  emission  Indices  El^/ ^ ^HC ' 
where  y  Is  the  estimated  function  of  equivalence 
ratio  wltuir.  the  primary  zone  (y  •  *  for  «  S  1, 
and  y  ■  1  for  Ml).  The  fact  that  almost  all 
the  points  lie  within  the  same  scatter  band 
suggests  that  fuel  effects  have  only  a  small  part 
to  play  In  the  eat abl  Ishment  of  the  ratio.  Thl3 

latter  appears  to  depend  upon  combustion  efficiency  ami  equivalence  ratio  only  and  therefore  suggests  a 
dependency  upon  temperature  and/or  oxy?  n  availability  only.  The  only  exception  appears  to  be  fuel  No.  bb 
(2b  X  cyclohexane,  75  X  BK),  and  no  exp  malion  for  this  Is  forthcoming. 


Fig. 


7  POLLUTANT  CHARACTERISTICS 
OF  HYDROCARBON  FUELS 


The  tenoency  (Fig.  3)  lor  the  combustion  efficiencies  to  attain  a  maximum  value  (for  a  given  «■) 
suggests  that  the  role  of  chemical  reaction  is  significant  In  reaching  the  'Tinai'  value.  This  limiting 
value  (about  95  X)  la  not  out  ot  accord  with  the  reaction  rate  bayed  upon  the  combustion  zone  loading. 


In  view  of  the  above  evidence,  one  Is  forced  to  the  conclusion  that  the  trend  noted  Is  predominantly 


one  of  bo] line  point,  and  that  fuel  chemical  effects  are  snail.  Although  this  has  beon  generally  accepted, 
there  ia  still  a  scnool  of  thought  that  suggests  that  structure  (aromaticity,  chemical  bonding  etc)  still 
plays  a  role.  The  difficulty  Is  to  define  a  term  which  is  representatl ve  of  these  various  effects.  If  one 
uses  aromatic  content  then  benzene,  toluene,  and  xylene  are  all  100  l  aromatic,  but  obviously  have 
different  structures.  Again,  how  does  one  compare  an  aromatic  fuel  with  an  olefin  or  a  cyclo-paraffin"  I  1 
an  attempt  to  overcome  these  difliculties  a  term  (Hydrogen  Saturation  -  SH)  ha ?  been  defined  for  use  In 
these  laborator ies .  The  hydrogen  saturation  has  been  defined  as  the  rat’o  of  the  number  of  hydrogen  atoms 
in  the  fuel  to  the  number  of  hydrogen  atoms  in  the  paraffin  having  the  same  njmber  of  carbcn  atoms.  Thus, 
for  instance,  for  benzene,  toluene,  and  xylene: 


Corresponding  Paraffin 
Hydrogen  Saturation 


W  C7H,C  C8H,B 

6/14  -  0,u29  8/16  -  0,500  10/18  -  0,556 


H  1  ♦  h  *  0,012/M  1 

where  h  is  the  mass  fraction  of  hydrogen  in  the  fuel  and  M  the  molar  mass  of  the  fuel  (kg/mol),  It  13 
conceded  that  the  saturation  value  cannot  be  fully  representat 1 ve  of  all  effects.  For  instance,  it  cannot 
distinguish  between  laomurt*  (e.g.  octane  and  iso-octane)  nor  between  classes  of  conpounds  having  the  same 
formula  (e.g.  olefin3  and  corresponding 
ring  saturates),  nor  has  it  been 

considered  for  fuels  other  man  I00j  1  f  ”  r”1  |  ' 

hydrocarbons.  Despite  those  limitations, 

recent  work  in  these  laboratories  has  o 

o 

shown  the  usefulness  of  this  function.  As  n  j  _ _  o 

a  first  example  it  has  been  applied  to  -  o 

the  results  obtained  here  for  measured  °  °  0 

combustion  efficiencies.  If  the  °x^ 

efficiency  data  from  Fig.  3  are  plotted  90  —  ~ 

agalnst~Tav/  Fig.  8  results.  The  N. 

results  show  less  scatter  than  the  plot 

given  in  Fig.  3  and  suggest  that  the  fuel  ° 

composition  play9  a  secondary  role  in  the  \  Q 

0  v  U  e  •  *  ui  i  1 1  a  v  i  u  n  of  trie  cum  bus  l  i  oil  \ 

efficiency.  It  is  felt  that  this  role  may  \ 

become  more  Important  the  closer  the  80  —  ^ 

o 

efficiency  approaches  to  100  J  since  the  ,  | _ J _ ^ ^ _ 

very  high  values  may  be  entirely  reaction  300  uoo  500  K  600 

rate  controlled.  This  is  a  factor  which  Tav  '  $ll 

might  assume  great  importance  from  the 

pollution  view  point.  Fig.  8  COMBUSTION  EFFICIENCY  CORRELATION  $  -  0.1 


5.3  Follutants 


Much  of  what  has  been  said  with 
respect  to  combustion  efficiency  applies, 
also,  to  the  amounts  of  hydrocarbons  and 
carbon  monoxide  found  within  Lhn  exhaust. 
The  amounts  of  carbon  monoxide  appear  to 
be  independent  of  fuel  type  (Fig.  9).  This 
would  be  anticipated  if  these  quantities 
were  determined  by  chemical  reaction  rates 
and  confirms  previous  work  carried  cut 
using  well  stirred  reactors  fli].  The 
hydrocarbon  content  (Fig.  9)  shows  a  trend 
with  boiling  point.  This  confirms  the 
assumption  that  hydroeai  bona  are  largely 
due  to  unburned  droplets  as  the  volatility 
decreases.  If  the  results  are  plotted 
against  T fty/  as  In  the  case  of  the 

combustion  efficiency,  there  is  some 
reduction  of  scatter  (Fig.  10),  however, 
the  influence  of  structure  is  slight. 


Fig.  9  CO  &  HC  EMISSION  INDEX  CHARACTERISTICS 
variation  with  average  boiling  point 
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Tho  reduction  of  scatter  is 
mainly  noticeable  for  the 
hydrocarbons ,  as  would  be 
anticipated. 


The  prediction  of  NOx  has  been 
made  using  a  formula  developed 
and  described  in  [5],  The 
equation  takes  the  form  - 


Fig.  1C  CO  &  HC  EMISSION  INDEX  CHARACTERISTICS 
INFLUENCE  OF  VOLATILITY  AND  SATURATION 


-21670/T  0 , 66  r ,  -2i0n 

EW29"C‘  P3  l1‘e  J 


<?1 


where  T  *  adiabatic  flame  temperature  {dissociated)  K 
p,-  combustor  inlet  pressure  Pa 

t  »  available  NOx  formation  residence  time  s 


The  major  difficulty  is  to  define  the  NOx  formation  time,  it  is  normal  to  take  Our  or  more 
experimental  values  to  determine  the  time  constant  and  then  to  utilize  Ouch  values  for  futmc  predictions. 
Because  of  its  efTsct  upon  reaction  temperature  and.  Indirectly,  the  3i2e  or  the  burning  zone,  the 
apparent  NOx  formation  lime  in  often  a  function  of  equivalence  ratio.  To  assess  this  function,  tho  drita 
pertinent  to  Fuel  41  (Base  Fuel)  were  analysed  and  the  following  equation  was  derived  - 


t  -  0,0129  *  0,0266  ♦ 


(3) 


Substituting  (3)  in  (?)  yields  - 


-21670/T 


6,66  0  ~ 


(«0 


Since  the  flame  is  a  diffusion  flame,  t  ue.ni  19  calculated  for  ♦  •  1  .  Tht  measured  versus  predicted  values 
are  given  In  Table  V  fo°  the  various  fuels. 


Examination  of  Table  V  suggests  that  the  correlation  is  not  perhaps  as  accurate  as  it  might  be. 
However,  it  should  be  mentioned  that  at  these  conditions,  and  with  the  low  NOx  values  measured,  the 
experimental  accuracy  is  probably  no  better  than  1  1  g/kg  of  fuel.  Accepting  this,  the  prediction  becomes 
very  satisfactory. 


The  ratios  01*  NO  to  NOx  are  difficult  to  analyse,  again  because  or  the  low  values  which  do  not  make 

for  a  high  experimental  accuracy.  Tf  equilibrium  is  assumed  at  temperatures  higher*  than  about  lOOO  K  then 

virtually  all  NOx  should  be  in  the  form  of  NO.  The  operating  conditions  of  the  test  rig  give  exhaust  mean 

temperatures  from  about  600  to  MOO  K.  1*“  equilibrium  is  assumed  at  these  temperatures  then  the  NO/nOx 

ratio  should  range  ( cor  respond '  ngl  y )  from  about  \  at  ♦  .  .  >  0,3  to  about  at  4  , ,  -  0,1.  In 

overall  overall 

fact,  between  *  -  0 , 1  to  9  -  0,3  the  trend  of  the  experimental  data  is  to  tho  contrary,  although  at 
conditions  weaker  than  $  •  0.1  there  is  evidence  of  a  sharp  decline  1  ^  the  np  'v  ratle,  Thi? 
suggest  that  the  final  value  Is  a  frozen  one,  the  approach  to  eqwi librium  being  dictated  by  the  ratc(s)  of 
reaction. 


At  the  weak  operating  conditions,  the  temperatures  In  the  secondary  and  dilution  zones  are  too  low  to 
lead  to  high  rates  of  oxidation  of  NO  to  NO,,  therefore,  the  original  high  ratio  of  NO/NOx  13  frozen.  As 
the  equivalence  ratio  increases,  these  zone  temperatures  also  increase,  however  not  sufficiently  so  33  to 
produce  new  no.  Tnese  increaseo  temperatures  lead  to  an  increase  in  the  rate  of  the  oxidation  reaction  and 
lower  values  of  N0/N0x.  Of  course,  after  staying  In  the  atmosphere  for  some  considerable  time,  tne  NO 
becomes  almost  totally  converted  to  NO,. 

Although  flame  radiation  cannot  be  categorized  as  a  pollutant,  it  ha3  been  included  here  because  of 
its  association  witn  carbon  formation.  Visual  observation  of  the  flames  (confirmed  by  still-photography) 
showed  marked  differences  in  the  flame  luminosity.  Paraffinic  flames,  such  as  those  of  the  Base  Fuel,  were 
always  blue,  even  at  rich  conditions,  and  It  was  obvious  that  there  was  little  or  no  carbon  in  the  flame 
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at-  any  condition.  In  contrast,  flames  of 
fuels  containing  high  percentages  of  aro¬ 
matics  were  bright  yellow  at  all  conditions 
indicating  the  presence  of  considerable  3001 


Fuel 


g'kg- 


formation.  Fuels  wJth  low  aroma* ic  content. 

♦  » 

0,1 

p  - 

0.2 

o  . 

0,25 

*  - 

0.3 

and  others  which  were  non- aromatic,  but 
still  unaal-urated ,  gave-  Intermediate  colours 

Pred. 

Meas . 

Pred. 

Meac. 

Pred. 

Meap . 

Pred, 

Meas 

between  blue  and  yellow. 

23 

6,29 

9,1 

5,91 

3,3 

5-50 

2.9 

9.92 

2.6 

25 

9,30 

9,9 

3.96 

3.2 

3.68 

3, 1 

3,30 

3.? 

Despite  these  visual  observations  the 

26 

5.38' 

9,6 

9, 95 

9,0 

9,61 

3.9 

9.13 

3.8 

amount  of  carbon  found  in  the  exhaust  was 

9,23 

6,2 

3,89 

9,9 

3.6? 

9,6 

*,29 

9.3 

too  small  to  be  moasured  gravimetrical ly. 

36 

9,91 

7,0 

9,52 

5.8 

9,21 

5,2 

3.77 

9,9 

and  even  the  filter-paper  stain  technique 

38 

5,90 

9,8 

9,97 

2,8 

9,63 

2.9 

9,19 

2.3 

only  Indicated  trace  quantities,  so  that 

39 

5,86 

9,3 

5,39 

3,2 

6,02 

2,9 

9,99 

2.7 

quantitative  measurements  were  not  possible. 

90 

5,53 

9,2 

5.09 

2,2 

9,73 

1 ,9 

9,29 

2, 1 

HI 

3,99 

3,6 

3,67 

3,7 

3,92 

3,5 

3,06 

3.0 

It  was  thought  that  the  flame  radiation 

92 

9,90 

9,9 

9,06 

3.8 

3.77 

3,2 

3,38 

2,9 

might  represent  the  carbon  formation  within 

93 

9,98 

3,3 

9,12 

3.2 

3,83 

3,i 

3,93 

2,8 

the  flame  since  for  any  given  equivalence 

99 

9,26 

3.7 

3.92 

3,3 

3,65 

3,0 

3.27 

2,5 

ratio  the  flame  temperatures  of  the  various 

95 

9,11 

2.8 

3.78 

3,0 

3,52 

2,8 

3.19 

2,9 

fuels  differed  only  by  small  amounts.  The 

96 

9,26 

3.5 

3,93 

3,5 

3.65 

3,0 

3.26 

3,0 

measured  radiation  ^OVerall  "  ^.3)  «a3 

97 

9,96 

9,9 

9.11 

9,0 

3,82 

3,7 

3.91 

3.0 

correlated  by  means  of  the  following 

98 

9,16 

9.3 

3.83 

3,6 

3.56 

3,9 

3.18 

3,0 

equation  - 

99 

9,29 

3.9 

3.91 

3.2 

3,69 

3,0 

3.25 

P.9 

R  -  '1.33  Uh  ln(S-l)/  hi2,75.  S,/-87i  (6) 

50 

9,98 

3.5 

9,12 

3,0 

3.83 

2,8 

3, 91 

2,7 

53 

9,19 

9,7 

3.86 

3.5 

3,89 

3,1 

3,21 

2,9 

5« 

*,33 

3.7 

3.99 

3.3 

3,71 

3,2 

3.32 

3.1 

where  R  is  the  radiation  in  kW/maf  M  the 

55 

3,99 

3,9 

3.67 

3,7 

3,92 

3.5 

3.05 

3,1 

fuel  molar  mass  in  kg/mol,  h  the  fractional 

56 

9,21 

9,8 

3.88 

9.1 

3,61 

3.8 

3,22 

3.7 

hydrogen  content,  and  B  the  transfer  number 

57 

9, 21 

3 . 9 

3.88 

3.5 

3.61 

3,? 

3,2? 

3»2 

1575  -  0,5  T 

g  .  - - - 

58 

9,19 

9.5 

3.36 

3,9 

3.59 

3.6 

3,21 

3.1 

59 

9,11 

3.9 

3,78 

3,3 

3,5? 

3.0 

3,19 

?,9 

T  -  IIS 
av 

bO 

9,16 

3,7 

3.83 

3.3 

3,56 

3,0 

3.18 

2,9 

61 

3,99 

3,5 

3.67 

3.6 

3,92 

3,9 

3.05 

3.1 

Figure  11  illustrates  the  calculated  versus 

62 

9,19 

9.0 

3,86 

3.6 

3,59 

3,1 

3,21 

2,8 

the  measured  valuer  a3  well  as  the  essential 

63 

9,12 

9,5 

3.80 

3,7 

3,53 

3.5 

3.16 

3.1 

statistical  data.  Bearing  In  mind  the  accu¬ 
racy  of  the  measurements  {  10  l)  tne  corre- 

1  ;9 

9 ,  /t 

3.5 

9,18 

3,7 

9,07 

3.1 

3,69 

2.9 

latlon  Is  thought  to  be  satisfactory.  The 
molar  maos  and  the  transfer  number  may  be 
taken  as  representing  the  physical  effects 
upon  the  radiation.  For  instance,  the  trans¬ 
fer  number  may  be  taken  as  representat 1 ve  of 
volatility,  and  It  could  be  supposed  that 
volatility  reflects  upon  the  combustion 
officicnci  U.e.  gas  temperature)  In  the 
reaction  zone,  the  higher  tie  volatility  of 
the  fuel  the  higher  the  ef Potency  and  the 
higher  the  flame  tempera-ur j  and,  therefore, 
the  radiation.  Hydrogen  content  and  hydrogen 
saturation  may  represent  composition  and 
nr  ryrt  rjral  eff CCtC .  The  mCi'G  iiydlvgUM,  tne 

less  carbon  and,  hence,  less  soot  formation 
{radiation).  As  before,  the  satu  at  lor. 
factor  Is  reprcaentati ve  of  tne  fuel 
structure,  and  It  may  be  considered  to  be  a 
measure  of  the  effects  due  to  bonding,  ring 
structure,  etc.  In  tne  context  of  the 
present  work,  this  la  the  first  time  that  it 
has  been  possible  to  delect  possible  effects 
uue  to  structural  differences  that  have  not 
been  masked  by  hydrogen  content.  One  would 
expect  the  vaiue  of  3^  in  Fqn.  (6)  to  have  a 
negative  exponent;  however.  It  does  have  a 
strong  relationship  with  hydrogen  content 
and  the  positive  exponent  found  in  the 


1  0 

R  calculated 


Fig.  11  FLAKE  RADIATION  CORRELATION 
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correlation  analysis  r.iay  well  represent  a  compensation  for  an  'overkill'  exponent  for  the  hydrogen 
content . 

It  would  he  reasonable  to  expect  that  the  flame  radiation  might  relate  to  the  carbon  content  and/or 
smoke  points  Of  the  furls.  A  plot  of  radiation  versus  smoke  point  shows  no  relationship  whatever.  It  Is 
suggested  that  a  possible  reason  for  this  Is  that  both  exhaust  smoke  and  the  smoke  point  are  more 
indicative  of  carbon  burn-out  than  carbon  formation,  whereas  the  reverse  13  the  case  for  flame  radiation, 

5.*  Weak  Extinctions 

To  measure  the  equivalence  ratio  at  weak  extinction,  after  the  test  rig  had  been  operated  at  steady 
conditions,  the  fuel  was  turned  down  until  a  slight  instability  was  noted,  which  gave  the  signal  of 
approaching  extinction,  At  this  point  the  Ignition  plug  was  switched  on,  and  the  fuel  was  further  reduced. 
After  a  little  while  the  plug  was  turned  off.  If  the  flame  remained  alight,  the  plug  was  again  fired  and 
the  fuel  further  reduced  until,  on  arresting  the  spark,  the  flame  was  extinguished.  At  this  point  the  plug 
was  re-flred  and  the  fuel  increased  by  a  anal.  amount.  By  this  means  li  was  possible  to  define  the 
difference  between  a  flame  which  was  Just  self-sustaining  and  one  which  was  not.  This  define,  the  weak 
extinction. 


Because  of  the  use  of  air-assist  atomization,  the  combustor  exhibits  many  of  the  characteristics  of  a 
oremixed  system  and/or  a  gaseous  diffusion  system,  ana  hence  it  seems  likely  thdu  the  weak  extinctions 
might  depend  partly  upon  droplet  (physical)  characteristics  and  partly  upon  the  chemical  composition  of 
the  fucl3. 


For  a  simple  pressure-jet  atomizer  the  weak  extinction  characteristics  have  been  shown  to  correlate 
witn  16]  - 


f3  ■  r; 


Hn,f  a,f 
Si ,  4 1  ma ,  4 1 


ln(  1 


0.53 


If  the  air  mass  flow  is  constant,  then 


* 

*41 


3,41 


Hn,ui 


In  { 1  ♦  B.) 


0,53 


0.47 


0,92 


4  1 


0,4? 


0,16 


where  f  is  the  stoichiometric  fucl/air  mass  ratio 
B  the  transfer  number 
o  the  surface  tension 


q(  the  net  caloririr  value 
p  the  density 
v  the  kinematic  viscosity 


0,16 


index  f  refers  to  the  fuel  under  consideration,  Index  41  to  the  Base  FjcI  (as  reference). 


(7) 


(8) 


If  trie  combustion  behaves  as  a  premixed  (or  a  gaseous  diffusion)  system,  then  it  might  b«  possible  to 
correlate  the  extinction  data  using  the  technique  described  In  [7],  In  this  technique,  the  reaction  zone 
equivalence  ratio  (*^)  is  correlated  by  means  of  a  scries  of  equations  - 

t,  -  0,726  «  X*1'3  (9)  X  -  left  (10)  B  -  0,21  T„/?98  *  0,76  (11) 

S  » 

y  -  2,457  *  (  “  0,63)' ,2?  (12)  where  TQ  is  the  unburned  ga3  temperature  In  K, 

* 

q  1  s  the  net  molar  calorific  value  in  J/mol;  C  is  the  specific  heat  of  the  products  of  complete 

combustion  of  one  mole  of  fuel  (at  298  K)  in  J/(mol-  Al  K);  and  are  the  respective  >-oi2r  fractions 

of  hydrogen  and  oxygen  in  tne  fuel. 

Ntlther  of  the  two  sets  of  correlation  equations  gave  a  satisfactory  correlation,  and  It  seemed 

Obvious  that  the  combustor  was  functioning  in  between  a  droplet,  flame  and  a  premlxed  flame  and  nonce  was 

not  accessible  to  a  satisfactory  description  by  either  correlation. 


Since  fuel  volatility  had  already  been  shown  to  play  a  role  in  the  attainment  of  combustion 
efficiency  and  flame  radiation,  it  seemed  likely  that  some  volatility  function  might  lead  towards  a 
correlation.  Accordingly  toe  groups  - 

•  /*  1  /*  ... 

WW*Jf  W  W  4  1 

r — -  and  i — —  were  plotted  as  functions  of  the  fuel  transfer  number  B.  Both  correlations 

f8  f8,41  V  L,4i 

exhibited  distinct  trends,  although  the  fg  function  was  more  pronounced,  a  further  improvement  of  the  fg 
correlation  was  obtained  by  the  inclusion  of  the  saturation  factor  S^.  This  is  demonstrated  In  Fig.  12, 
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It  la  concluded  that  the  weak  extinction®  arv 
largely  controlled  by  the  physical  propertl03  or  the 
fuel,  especially  those  associated  with  droplet  size 
and  evaporation  but  that  once  again,  fuel  structure 
effects  play  a  minor  role, 

5r5  Exhaust  Temperature  Distribution 

The  exhaust  temperature  distribution  was  deter¬ 
mined  by  means  of  an  array  of  17  thermocouples  situ¬ 
ated  at  the  exit  of  the  combustion  chamber.  As  des¬ 
cribed  in  detail  In  [8],  the  effect  of  changing  the 
alr/fuel  ratio  for  any  one  fuel  has  very  little 
effect  upon  the  temperature  distribution. 

Visual  Inspection  of  the  temperature  distri¬ 
butions  had  suggested  that  there  was  little,  If  any, 
change  in  patternation  due  to  the  use  of  different 
fuels  [8].  To  test  this,  in  a  more  quantitative  way, 
the  following  technique  was  applied: 

a)  For  each  of  the  fuels  an  operating  condition 
was  selected  which  approached  to  ^OV(?r3jj  *  0,3* 

b)  At  this  condition,  the  mean  outlet  temperature 
was  calculated  based  upon  the  experimental  value  of 
equivalence  ratio  and  the  combustion  efficiency  a3 
determined  by  gas  analysis. 

c)  Each  thermocouple  temperature  was  then  divided 
by  this  mean  temperature,  Thu3  for  any  one  fuel  a 
representatl ve  dimensionless  temperature  distri¬ 
bution  could  be  obtained. 

d)  The  dimensionless  temperature  for  each  indivi¬ 
dual  thermocouple  was  examined  statistically  for  all 
fuels.  These  results  arc  presented  in  Table  VI. 

Table  VI  shows  that  there  is  little  alteration 
xn  tne  outlet  temperature  distribution  as  the  fuels 
are  changed.  This  clearly  emphasizes  the  dominance 
of  the  air  &  fuel  flow  patterns  over  the  fuel  pro¬ 
perties.  However,  in  order  to  examine  the  possi¬ 
bility  of  secondary  trends,  the  ratio  of  the  maximum 
to  the  minimum  temperature  measured  for  each 
individual  fuel  was  plotted  against  several  diffe¬ 
rent  fuel  properties.  No  effect  was  noted  for  struc¬ 
ture  properties  such  as  hydrogen  content,  saturation 
factor,  etc,  but  there  was  an  indication  of  a  slight 
trend  with  the  average  boiling  point.  Presently  this 
is  not  considered  to  be  sufficiently  confirmed  to 
warrant  further  analysis. 


Fig.  12  WEAK  EXTINCTION  CORRELATION 


Table  VI 

EXHAUST  PLANE  TEMPERATURE  DATA 

TC  No.  Temperature  ratio  T/  T  Stand.  Dev. 

mean 

Minimum  Maximum  Average  % 


1 

1,18 

1  ,29 

1  ,24 

1.83 

2 

1 ,09 

1.23 

1,15 

3,ii 

3 

1 ,04 

1 , 16 

1.10 

2,36 

4 

i,10 

1  ,2i 

1.15 

2,61 

5 

1 ,22 

1.35 

1 ,27 

2,56 

6 

1  ,14 

1  ,26 

1,20 

2,26 

7 

0,93 

1  .07 

1  ,00 

2,88 

8 

0,90 

1.03 

0,98 

2,81 

9 

l  ,05 

1,18 

1 .09 

3,36 

10 

1  ,07 

1  ,22 

1,14 

3.40 

1 1 

0,86 

1  ,03 

0,96 

2,89 

12 

0,80 

0,97 

0,88 

3,2? 

13 

0.90 

1  ,00 

0,94 

2,47 

i4 

0,87 

0,98 

0,90 

2,«8 

15 

0,94 

1  ,09 

1.03 

2.88 

16 

0,76 

0,90 

0,84 

2,99 

17 

0,?5 

0,8*1 

0,80 

2,24 

Bearing  in  mind  the  results  of  Table  VI  it. 
seems  that  fuel  effects  upon  traverse  quail tj  may  be 
regarded  as  negligible.  This  is  perhaps  a  jlttle 

surprising  since  it  infers  that  neither  fuel  properties  nor  droplet  size  variations,  nor  reasonable 
variations  in  combustion  efficiency,  play  any  role  In  the  exhaust  temperature  distribution,  and  it  thus 
appears  that  only  the  combustor  geometry,  initial  fuel  distribution  (i.e.  fuel  atomizer  geometry),  and  air 
distribution  govern  the  outlet  pattern. 

6.  CONCLUSIONS 

a)  At.  the  conditions  of  operation  (ambient,  temperatures  and  pressures)  the  effects  of  changing  equi¬ 
valence  ratio  have  been  determined  for  41  different  fuels.  The  parameters  determined  were  (1)  combustion 
efficiency,  (2)  pollutants  CO,  HC,  NO,  NOx,  <3)  flame  radiation,  (4)  weak  extinctions,  (5)  exhaust 
temperature  distribution.  Ignition  data  were  not  obtained  due  to  the  efficiency  of  the  igniter,  which 
lgnltdd  even  mixtures  outside  the  extinction  limits.  Exhaust  carbon  concentrations  were  too  low  to  be 
measured  gravlnetrlcally,  and  even  the  filter  paper  staining  was  too  low  for  quantitative  measurements. 
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b)  Despite  the  very  low  droplet  dimeters  (“  17  urn),  a  trend  was  observed  between  the  rcoaau*  ed 
combustion  efficiency  and  the  average  boiling  point  oT  the  various  fuels.  A  small  Improvement  of  the 
correlation  of  the  efficiency  with  boiling  point  was  brought  about  b/  the  lnoluaLon  of  a  term  involving 
the  hydrogen  saturation  factor. 

c)  A  goed  relationship  was  observed  between  the  group  EI^/  y  EI^  and  the  combustion  efficiency  for  all 
fuels  at  all  equivalence  ratios. 


d)  The  oxides  of  nitrogen  can  be  satisfactorily  predicted  using  the  equation  - 

6,63*  - 


EIMOx  -  5.8W.10*  .  c'?'610n  (1  - 


e)  The  ratio  NO/NOx  wa3  determined  for  each  operating  point,  bui  no  clear  picture  has  emerged. 


f) 


Flame  radiation  measurements  within  the  primary  zone  have  been  found  to  correlate  with  - 


«  -  «.33  IlH  ln(B-l)/  n] 


',75 


[0.875 


g)  A  flame  extinction  correlation  was  found  which  is  similar  to  that  observed  previously  but  modified  by 
the  use  of  the  hydrogen  saturation  factor  to  the  power  0,2114. 


h)  No  fuel  effects  have  been  detected  upon  the  exhaust  temDerature  distribution  whlcn  remains  remarkably 
constant  for  all  conditions  examined  thus  proving  tne  dominance  of  combustor  geometry  and  air  flow 
distribution  over  the  variants  due  to  luel  changes. 

i)  The  improvement  in  several  of  the  correlations  by  the  inclusion  of  the  hydrogen  saturation  factor 
suggests  that  fuel  composition  (and  structure)  does  play  a  small  role  in  the  combustion  behaviour. 
However,  to  fix  the  magnitude  of  this  role  with  certainty  will  probably  require  special  testing  and, 
probably,  the  inclusion  of  new  fuels  having  even  wider  variations  of  composition  than  tnose  examined  here. 

J)  The  use  of  an  efficient  air  blast  atomizer  means  that  the  combustor  functions  as  a  partially  premixed 
system. 
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SUMMARY 

A  short  description  will  be  given  of  the  design  and  manufacturing  philosophy,  testing 
and  optimization  of  a  combustion  chamber.  The  features  and  design  layout  of  the  burner 
are  characterized  by  the  requirements  for  a  low  cost  propulsion  system  for  an  unmanned 
flight  vehicle,  such  as  RPV  and  drones.  Rig  test  results  for  the  ignition  and  the  per¬ 
formance  over  a  wide  operating  range  will  be  discussed.  Ignition  by  hot  gas  from  a  car¬ 
tridge  as  well  as  experiences  with  testing  this  combustor  in  the  demonstrator  turbojet 
engine  will  be  described. 

1.  INTRODUCTION 

The  requirements,  established  for  a  combustion  chamber  layout  which  is  reported  in  this 
paper,  differ  significantly  from  those  of  usual  gas  turbine  combustors. 

The  life  of  t.he  reference  turbojet  engine  is  limited  to  a  few  hours  only.  This  therefore 
does  not  demand  low  wall  temperatures  of  the  liner  as  number  one  priority.  But  extremely 
light  weight  and  small  size  for  the  burner  were  to  be  achieved  for  a  jet  engine,  which 
is  intended  to  fit  the  very  narrow  installation  envelope  of  the  fuselage.  This  led  to  a 
high  power  density  of  the  burner  volume.  Good  combustion  efficiency,  ignition  reliabili¬ 
ty  arid  flame  stability  combined  with  low  fabrication  cost  are  required  to  get  reasonable 
life-cycle-cost. 

The  development  phases  of  the  combustion  chamber  up  to  it's  installation  in  the  demon¬ 
strator  engine  will  be  described.  In  detail  the  following  topics  will  be  discussed: 

Fuel  preparation  and  combustion. 

Test  and  optimization  of  the  burner  system  with  a  segmented  model  and  of  the  igni¬ 
tion  system  with  a  hot  gas  cartridge. 

-  Design  and  test  of  a  full  flow  combustor. 

Analyses  cf  test  results  and  subsequent  redesign  of  an  improved  combustor. 

Burner  investigation  in  the  demonstrator  engine. 


2.  FUEL  PREPARATION  AND  COMBUSTION 

The  mission  profile  of  the  unmanned  flight  vehicle  and  the  resulting  design  parameters 
of  the  engine,  which  emphasizes  low  cost  / 1 / ,  define  the  operating  range  of  the  burner. 
Fig.  1  shows  operating  parameters  versus  engine  rotor  speed  (rpm) . 

To  ensure  reliability  in  ignition,  high  flame  stability  and  good  burner  efficiency  as 
well  as  low  manufacturing  cost,  design  criteria  were  used  which  were  based  on  experien¬ 
ces  made  by  the  development  of  an  earlier  KHD  combustion  chamber  /2/.  This  combustor  was 
successfully  tested  at  DFVLR-Porz  /3 /  / 4 /  in  a  wide  range  of  applications. 

The  concept  of  iiiis  burner  was  to  swirl  air  with  single  air  jetB  combined  with  fuel  in¬ 
jection  by  a  simple  spray  nozzle.  This  nozzle  has  been  located  in  the  middle  of  the  air 
awirlcr  as  shown  in  Fig.  2.  The  air  jet  guaranteed  a  good  mixing  of  air  and  fuel  spray. 
The  high  air  swirl  ejected  intense  recirculation,  which  in  turn  promotes  improved  flame 
stability  and  good  fuel  preparation  by  high  entrainment  o<  hot  gaseous  reactants. 

Further  development  of  this  premixing  system  in  connection  with  an  annular  burner  led  to 
the  features  of  a  combustion  chamber  as  will  be  discussed  i.i  this  paper.  IS  mixing  cups 
with  spray  nozzles  were  installed  on  the  front  of  the  annular  combustion  liner  ao  can  be 
seen  in  Fig.  3.  The  burning  zone  was  thus  divided  in  16  parte  reducing  combustion  length 
by  intenslv  recirculation  and  fast  mixing.  This  concept  created  a  combustion  quality, 
which  gave  an  uniform  temperature  distribution  at  the  burner  outlet. 

The  large  swirl  at  the  outlet  of  the  cups  and  the  following  sudden  expansion  into  the 
annular  flame  tube  caused  on  one  hand  a  quick  circumferential  flame  propagation  around 
the  burner,  therefore  only  one  ignitor  location  was  needed.  On  th6  other  hand  the  coun¬ 
ter  clockwise  impulse  of  the  swirls  between  the  cups  induced  high  turbulence  which  im¬ 
proved  mixing  and  flame  stability,  too. 
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To  predict  the  flow  patterns  in  the  actual  combustor  computations  with  a  finit  element 
computer  program  CPTR  / 5 /  were  made  to  optimize  swirl  intensity  and  cup  locations.  But 
for  these  computations  several  simplifications  had  to  be  introduced  because  the  real 
flow  distribution  is  of  three,  while  the  computer  program  is  of  the  two  dimensional  type. 
Therefore  burner  optimization  was  mainly  done  empirically.  For  these  investigations  a 
segmented  combustion  chamber  was  selected. 


3 .  TEST  AND  OPTIMIZATION  OF  THE  BURNER  SYSTEM  IN  A  SEGMENTED  TEST  MODEL  AND  OF  THE 
IGNITION SYSTEM  WITH  A  HOT  GAS  CARTRIDGE 

For  the  initial  investigation  and  development  of  the  combustion  system  a  segmented  com- 
hustion  chamber  was  built.  This  burner  comprized  4  segments,  each  of  them  equipped  with 
3  premixing  cups  in  the  primary  zone.  Similarly  the  annular  flame  tube  was  segmented  in¬ 
to  4  parts,  each  part  manufactured  with  a  different  arrangement  of  dilution  air  holes. 

During  any  single  test  only  one  part  of  the  segments  was  flowed  by  air  and  fuel.  Several 
combinations  of  cups  and  liners  could  therefor  be  tested.  Fig .  4  shows  the  cross  section 
of  the  segmented  burner  and  the  instrumentation  at  the  end  of  the  burner.  Fig .  5  shows 
tie  cup  arrangement.  The  cups  had  different  geometry  of  holeB,  inclination  angle  and 
number  of  holes.  The  feature  of  the  dilution  holes  arranged  in  the  flame  tube  for  all 
four  segments  are  shown  in  Fig-  6.  These  holes  were  varied  for  the  optimization  of  air 
flow  entrainment  as  well  as  concerns  manufacturing  techniques. 

In  the  first  test  phase  the  burrer  segment  was  tested  with  openended  burner  outlet  for 
flame  visibility.  The  flair.e  observation  were  recorded  by  colour  photography.  For  example 
Fig.  7  shows  f.lame  photographs  with  one  cup  liner  arrangement  for  the  same  fuel  air  ra¬ 
tio  but  different  flow  velocity.  High  influence  of  the  segment  endwalls  was  observed, 
so  that  only  the  middle  cup  could  be  used  for  definition. 

Further  tests  were  then  done  with  a  pressurized  combustor  to  measure  temperature  and 
pressure  distribution  at  the  outlet.  The  best  combustion  and  temperature  distribution 
were  observed  for  a  40°  inclination  angle  of  the  primary  air  holes  combined  wLth  a  liner 
type  equipped  with  a  few  large  holes  which  were  plunged-  But  this  liner  hole  configura¬ 
tion  showed  vibrations  of  low  frequency.  Therefore  a  modified  arrangement  of  the  holes 
was  defined  and  assembled  for  the  full  flow  test  burner. 

The  segmented  burnex  rig  finally  was  used  for  cartridge  ignition  tests.  To  fulfil  the 
starting  requirements  the  design  goal  was  to  find  a  cartridge  for  both:  cranking  and 
:gnition.  A  cartridge  was  developped  which  simultaneously  gives  hot  gas  for  fuel  igni¬ 
tion  and  deliveres  jet  unpuls  for  rotational  accelleration  of  the  turbine.  The  first 
ignition  attenps  went  wrong.  The  high  inert  hot  gases  from  the  cartridge  injected  into 
the  fuel  air  mixture  at  the  cup  quenched  the  flame  and  foiled  the  ignition.  After  using 
hot  gas  to  qlow  a  pipe,  which  was  immersed  into  the  fuel  air  mixture  and  then  guiding 
the  gas  of  the  cartridge  downstream  into  the  annular  volume,  ignition  ana  fiame  stabili¬ 
ty  was  achieved. 


4.  DESIGN  AND  TEST  OF  THE  FULL  FLOW  COMBUSTKR 

For  the  exact  simulation  of  all  actual  operating  conditions  a  combustion  chamber  for 
tests  was  built  using  the  knowledges  of  the  segmented  burner  test  model.  The  detail  ot 
the  burner  and  the  arrangement  of  the  measurement  devices  are  shown  in  Fig.  8.  This  bur¬ 
ner  was  installed  at  the  DFVLK-Porz  vombustor  test  facility.  This  test  facility  is  des¬ 
cribed  in  /6/.  Fue]  to  each  spray  nozzle  was  supplied  from  outside  the  combustion  cham¬ 
ber  to  control  and  shut  off  single  nozzles  if  required.  Fig.  9  shows  the  fuel  supply  ar¬ 
rangement.  Four  spark  ignitors  were  assigned  at  four  cups  and  equally  spaced.  These 
could  be  used  together  as  well  as  separately.  At  the  burner  outlet  three  measurement  ra¬ 
kes  for  temperature  at  4  radii  and  three  rakes  for  pressure  at  5  radii  were  installed. 

By  traversing  these  rakes  temperature  and  pressure  distribution  could  be  recorded. 


AIJALVGEC  OF  TEST  RESULTS  AND  SUBSEQUENT  REDESIGN  or  TMPROVF.n  TOMBlISTOfi 


Testing  was  carried  out  as  concerns: 

-  Ignition  behaviour 

-  Temperature  distribution 

-  Pressure  distribution 

-  Emission  measurements 

Fig.  10  shows  the  ignition  behaviour  of  the  burner. 

Fuel  air  ratio  and  air  mass  flow,  the  latter  being  proportional  to  flow  velocity,  were 
changed  during  iqnition  teBta.  The  air  inlet  temperature  was  varied  from  8  to  56  °C  de- 
pendend  on  the  test  facility  range.  For  the  ignition  a  lower  limit  for  fuel  air  ratio  of 
tfi  „/A  T  2  0,025  was  found. 

p  i 

In  line  with  the  compressor  character iatic  the  ignition  range  is  10  to  40  %  engine  o^ed, 
That  means  a  large  starting  window  is  open  to  start  the  engine  at  different  flight  con¬ 
ditions. 


42-3 


The  ignition  tests  were  done  with  fuel  JET-Al .  No  influences  of  ignitor  location  and  ig¬ 
nitor  number  were  obgerved,  therefore  further  ignition  procedures  were  made  by  using  one 
ignitor  only. 


The  temperature  distribution  at  the  burner 
Fig.  11. 


outlet  for  the  design  point  is  shown  in 


The  pattern  factor  as  determined  from  measurements 


PAT 
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was  calculated  to  be  23  %. 


The  temperature  distribution  as  a  mean  value  over  the  radii  ic  shown  in  Fig.  12.  The  tem¬ 
perature  scatter  is  here  1  100°. 


The  measured  pressure  distribution  is  shown  in  Fig .  13. 

The  highest  pressure  was  measured  at  large  radii  caused  by  centrifugal  forces.  However, 
in  wall  proximity  the  cooling  flow  overcomes  this  centrifugal  force  resulting  larger 
pressure  fluctuation.  At  radius  r^/r  «  0,83  the  greatest  pressure  fluctuation  was  ob¬ 
served.  At  this  point  n  high  velocity  exiting  at  the  cup  area  succeeds  a  lower  velority 
between  the  cups.  But  here  it  has  to  be  reported,  that  the  measurement  rakes  could  not 
be  turned  in  their  own  axis.  So  the  change  of  flow  direction  could  not  be  measured.  The 
total  pressure  loss  of  the  combustion  chamber  war*  found  to  be  4.5  %. 

To  determine  quality  of  the  combustion  the  exhaust  emissions  were  measured  and  the  bur-' 
ning  efficiency  was  calculated  by  the  emission  indices  of  HC  and  CO. 

Fig.  14  shows  the  results  of  this  investigation  for  1SA-SL  ambient  conditions.  The  reduc¬ 
tion  ot  burning  efficiency  and  increase  in  parts  of  unburned  fuel  below  90  %  engine 
speed  depend  on  insuffient  fuel  atomization.  Fuel  flow  and  therefore  fuel  pressure  are 
too  small  for  each  spray  nozzle  to  produce  a  high  rate  of  fine  droplets.  For  application 
of  the  burner  other  than  the  a Formcntioned  mission  the  atomization  in  the  operating 
range  can  be  improved  by  shutting  off  some  spray  nozzles. 


6.  BURNdR  INVESTIGATION  IN  THE  DEMONSTRATOR  ENCINE 

The  results  from  the  burner  rig  investigation  are  mainly  that: 

-  large  compressor  diffusor  outlet  velocity  will  cause  a  nonuniform  inlet  flow  to  the 
cups  of  the  burner  which  increases  the  burner's  pressure  locn,  This  could  be  improved 
by  reducing  the  diffusor  outlet  velocity. 

-  To  get  a  smooth  radial  temperature  distribution  for  suitable  b.ado  life  the  flame  tube 
holes  were  changed  to  reduce  the  temperatur  at  the  hub  to  moot  the  material  properties 
of  the  turbine  blades. 

With  this  experience  in  hand  a  combustion  chamber  for  test  in  a  demonstrator  turbojet 
engine  was  conceived  and  built.  With  a  burner  arrangement  as  shown  in  Fig.  15  an  engine 
testing  was  started.  To  date  serveral  starts  and  operating  hours  huve  been  successfully 
run  with  air  jet  starting  and  a  high  energy  spark  plug  ignitor.  Tes  s  will  be  continued 
edding  hot  gas  ignition  and  crank  start. 

This  design  approach  will  now  allow  for  minimum  parts  and  low  cost  manufacture  such  as: 

-  Investment  cast  air  swirlers  for  the  primary  air  with  integrated  fuel  nozzle  adapter. 

-  Inner  and  outer  flame  tube  made  from  simple  sheet  metal  and  welded  pares. 

-  A  hvd reformed  torus  into  which  cup 3  ai'e  bj.a^eu. 

-  Holes  laser  cut  into  the  flame  tube  and  plunged  in  one  step  into  the  plane  sheet.  This 
than  is  rolled  cy lindrically-respectively  conically. 

All  these  manufacturing  methods  reduce  the  cost  to  a  minimum. 


7.  CONCLUSIONS 

The  sequence  of  burner  development  described  here  tor  a  very  specific  application  shows 
that  by  systematically  applieiny  a  modern  design  method  an  efficient,  cost  effective  com¬ 
ponent  can  be  obtained. 

Only  two  burner  constructions  were  needed  for  tests.  The  first  one  was  the  segment  bur*" 
ner  to  optimize  the  geometric  design,  the  secord  one  the  full  flowed  burner  to  check  the 
operating  profile  of  the  engine. 


Design  of  the  combustion  chamber  with  the  following  principles 

-  fuel  preparation  in  a  premixing  chamber, 

-  air  swirler  with  holes  to  create  single  suction  >ir  jets, 

-  division  of  the  combustion  zone  in  several  parts,  here  16,  seperated  and  controlled  by 
swirling  a  well  defined  fuel  air  racio  in  the  cup.,, 

-  and  finally  provision  of  high  turbulence  in  the  annular  part  of  the  burner, 

yields  a  excellent  flame  stability  and  combustion  efficiency  as  well  as  an  uniform  tem¬ 
perature  distribution  to  satisfy  the  requirements  for  this  burner  application. 

Without  doubt  more  work  has  to  be  and  will  be  done  in  order  to  improve  the  wall  cooling 
effectiveness  for  a  longer  life  of  the  combustor  liner,  however  the  layout  principles 
need  not  to  be  changed. 

However  there  is  scope  for  perfection  of  our,  as  yet  less  then  perfect,  analytical  tools. 

For  continued  progress  in  the  future  it  is  a  prerequisite  to  establish  better  computer 
simulation.  Specially  3D-Prograns  easy  to  handling,  capable  to  describe  the  fuel  pre¬ 
paration  and  combustion  as  well  as  flow  is  what  we  need. 
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Fig  2  Primary  Air  Flow  Device 


Fig  4  Cross  Section  Test  Rig  tor  Combustor  Segments 


Fj«I  Flow !  D««tgn  Fool  Flow 


Fig  13  Pressure  Distribution  ut  Combustor  Exit 
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14.  Abstract 

The  Conference  Proceedings  contain  41  papers  presented  at  the  Propulsion  and  Energetics  Panel 
70th  Symposium,  on  Combustion  and  Fuels  in  Gas  Turbine  Engines,  which  was  held  1 9—23 
October  1 987  in  Chania,  Crete,  Greece. 

The  Symposium  was  arranged  in  the  following  sessions:  Alternative  Fuels  and  Fuel  Injection  (9); 
Combustor  Development  (7);  Soot  and  Radiation  (10);  and  Combustor  Modelling  (1 5).  The 
Technical  Evaluation  Report  is  included  at  the  beginning  of  the  Proceedings.  Questions  and 
answers  of  the  discussions  follow  each  papei. 

The  aim  of  the  meeting  was  to  review  the  progress  made  in  the  area  of  combustion  and  fuels  ill  gdS 
iiiiuim-  engines  since  the  last  AGARD-PEP  Meeting  on  this  subject  in  1983. 


